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Executive Summary 

Foreword 
The Colorado River is the lifeblood of the southwestern United States. 
Stretching from the highest peaks of the Rocky Mountains to the Gulf 
of California, it travels over 1,400 miles across a watershed that 

includes seven states within the United States and two states in northern Mexico. Nearly 40 
million Americans rely on the Colorado River system for drinking water and to support liveli
hoods ranging from farming to recreation. Emphasizing the economic, cultural, and ecologic 
significance of this river, our commitment to sound management for generations to come is 
steadfast. At the forefront of that pledge is the SECURE Water Act, the WaterSMART program, 
and Basin Studies across the West. These programs elevate water planning and management to 
new levels with expanded science, collaboration, and forward thinking. Just as we benefit from 
the planning and works of prior generations, it is our obligation to use the best information 
available to us to prepare for the water management challenges ahead. 

Conducted under the Basin Study Program, the Colorado River Basin Water Supply and
 
Demand Study is the most comprehensive long-term assessment to date of the Colorado River
 
Basin and its invaluable resources. Findings indicate that in the absence of timely action to
 
ensure sustainability, there exists a strong potential for significant imbalances between water
 
supply and demand in coming decades. Through the Study process, a common technical foun
dation was established, upon which continued dialogue will be built towards actions that will
 
enhance and preserve the future of communities, economies, and ecosystems supported by the
 
Colorado River.
 

As the Basin copes with yet another year in an unprecedented drought extending back to 1999,
 
the challenges of the task at hand are more real than ever. Though these challenges are unprece
dented, I am confident that the partnerships forged and strengthened during this Study and over
 
the years will rise to meet the undertaking with vigor.
 

Michael L. Connor,
 
Commissioner, Bureau of Reclamation
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Executive Summary 

FIGURE 1 
The Study Area - the hydrologic boundaries of the Basin within the United States, plus the adjacent areas of 
the Basin States that receive Colorado River water 
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Executive
 
Summary
 
Spanning parts of the seven states of Arizona, 
California, Colorado, New Mexico, Nevada, 
Utah, and Wyoming (Basin States), the 
Colorado River Basin (Basin) is one of the 
most critical sources of water in the West. The 
Colorado River and its tributaries provide 
water to nearly 40 million people for 
municipal use, supply water to irrigate nearly 
5.5 million acres of land, and is the lifeblood 
for at least 22 federally recognized tribes 
(tribes), 7 National Wildlife Refuges, 4 
National Recreation Areas, and 11 National 
Parks. Hydropower facilities along the 
Colorado River provide more than 4,200 
megawatts of electrical generating capacity, 
helping to meet the power needs of the West 
and offset the use of fossil fuels. The 
Colorado River is also vital to the United and loss in the Basin has averaged 
Mexican States (Mexico) to meet both approximately 15.34 maf over the last 10 
agricultural and municipal water needs. years. Because of the Colorado River 

system’s ability to store approximately 60 
The Colorado River system is operated in maf, or nearly 4 years of average natural flow 
accordance with the Law of the River1. of the river, all requested deliveries were met 
Apportioned water in the Basin exceeds the in the Lower Basin despite recently 
approximate 100-year record (1906 through experiencing the worst 11-year drought in the 
2011) Basin-wide average long-term historical last century. However, there have been 
natural flow2 of about 16.4 million acre-feet periodic shortages throughout the Upper 
(maf). However, the Upper Basin States have Basin and the adjacent areas of the Basin 
not fully developed use of their 7.5-maf States that receive Colorado River water. 
apportionment, and total consumptive use3 

1 The treaties, compacts, decrees, statutes, regulations, contracts and other legal documents and agreements applicable to the 
allocation, appropriation, development, exportation and management of the waters of the Colorado River Basin are often 
collectively referred to as the Law of the River. There is no single, universally agreed upon definition of the Law of the River, but it 
is useful as a shorthand reference to describe this longstanding and complex body of legal agreements governing the Colorado 
River. 
2 Natural flow represents the flow that would have occurred at the location had depletions and reservoir regulation not been 
present upstream of that location. 
3 Consumptive use is defined as water used, diminishing the available supply. 
4 Basin-wide consumptive use and losses estimated over the period 2002-2011, including the 1944 Treaty delivery to Mexico, 
reservoir evaporation, and other losses due to native vegetation and operational inefficiencies. 

Lake Mead during drought conditions 
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The challenges and complexi
ties of ensuring a sustainable 
water supply and meeting 

future demand in an over-allocated and highly 
variable system such as the Colorado River 
have been recognized and documented in 

The Colorado River and its 
tributaries provide water to nearly 
40 million people for municipal use, 
supply water to irrigate nearly 5.5 
million acres of land, and is the 
lifeblood for at least 22 federally 
recognized tribes, 7 National 
Wildlife Refuges, 4 National 
Recreation Areas, and 11 National 
Parks. 

several studies conducted by the Bureau of 
Reclamation (Reclamation) and the Basin 
States over the past several decades. Looking 
ahead, concerns regarding the reliability of 
the Colorado River system to meet future 
Basin resource5 needs are even more 
apparent, given the likelihood of increasing 
demand for water throughout the Basin 
coupled with projections of reduced supply 
due to climate change. 

It was against this backdrop that the Colorado 
River Basin Water Supply and Demand Study 
(Study) was conducted. Funded by 
Reclamation through the Basin Study 
Program under the Department of the 
Interior’s WaterSMART (Sustain and Manage 
America's Resources for Tomorrow) Program 
and the agencies6 representing the Basin 
States, the Study was conducted by 

Reclamation’s Upper 
Colorado and Lower 
Colorado Regions and the 
representatives of the Basin 
States’ agencies. The pur
pose of the Study was to 
define current and future 
imbalances in water supply 
and demand in the Basin 
and the adjacent areas of 
the Basin States that 
receive Colorado River 
water over the next 50 
years (through 2060), and 
to develop and analyze 
adaptation and mitigation 
strategies to resolve those 
imbalances. The Study did 
not result in a decision as to 

Green River in Utah 

5 Resources include water allocations and deliveries for municipal, industrial, and agricultural use; hydroelectric power generation; 
recreation; fish, wildlife, and their habitats (including candidate, threatened, and endangered species); water quality including 
salinity; flow- and water-dependent ecological systems; and flood control. 
6 The non-Federal cost-share partners are: Arizona Department of Water Resources, the (California) Six Agency Committee, 
Colorado Water Conservation Board, the New Mexico Interstate Stream Commission, the Southern Nevada Water Authority, the 
Utah Division of Water Resources, and the Wyoming State Engineer’s Office. 
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how future imbalances should or will be 
addressed. Rather, the Study provides a com
mon technical foundation that frames the 
range of potential imbalances that may be 
faced in the future and the range of solutions 
that could be considered to resolve those 
imbalances. 

The Study Area is shown in figure 1 and is 
defined as the hydrologic boundaries of the 
Basin within the United States, plus the 
adjacent areas of the Basin States that receive 
Colorado River water. In many adjacent areas, 
the Colorado River supply is in addition to 
other water supply sources used to meet water 
demands. 

The Study was conducted in collaboration 
with stakeholders throughout the Basin. 
Interest in the Study was broad, and stake
holders included tribes, agricultural users, 
purveyors of municipal and industrial (M&I) 
water, power users, and conservation and 
recreation groups. Through extensive outreach 
efforts, the interested parties were engaged 
and their input was considered. This broad 

participation and input was 
critical to the Study. 

Because of the inherent complexities of the 
Study and the many diverse interests and 
perspectives, eight interim reports and 
technical updates were published to reflect 
technical developments and the ongoing input 
of stakeholders. The final documentation for 
the Study is organized into three major parts: 
this Executive Summary, a Study Report, and 
seven Technical Reports. A compact disc 
containing the Study documents in their 
entirety can be found inside the back cover of 
the printed report. 

Project participants and stakeholders are 
encouraged to comment on the information 
provided in the Study Report and associated 
Technical Reports. Comments received before 
April 19, 2013, will be summarized and post
ed to the Study website and may inform 
future planning activities in the Basin. 
Instructions for submitting comments are also 
provided on the Study website at: 
http://www.usbr.gov/lc/region/programs/ 
crbstudy.html. 

Recreation boating on Lake Powell in Utah 
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1.0	 Projected Future Water 
Supply and Demand 
Scenarios 

The amount of water available and changes in 
the demand for water throughout the Basin 
over the next 50 years are highly uncertain 
and depend on a number of factors. The 
potential impacts of future climate change 
and variability further contribute to these 
uncertainties. Nevertheless, projections of 
future water supply and demand were needed 
to assess the reliability of the Colorado River 
system to meet Basin resource needs and to 
identify options and strategies to mitigate 
future risks to those resources. To be 
beneficial, these projections had to be 
sufficiently broad to capture the plausible 
ranges of uncertainty in future water supply 
and demand. A scenario planning process was 
used to guide the development of scenarios 
that provided a broad range of projections, 
resulting in four scenarios related to future 
water supply and six scenarios related to 
future water demand. 

1.1	 Water Supply Scenarios 

Since 2004, Reclamation has conducted a 

multi-faceted research and development 
programs to investigate and implement a 
variety of methods for projecting future 
streamflow for Colorado River planning 
studies. Based on this work and the 
information gathered in the scenario planning 
process, four water supply scenarios were 
quantified and analyzed. These scenarios are 
titled Observed Resampled, Paleo Resampled, 
Paleo Conditioned, and Downscaled General 
Circulation Model (GCM) Projected and are 
described as: 

•	 Observed Resampled: Future hydrologic 
trends and variability are similar to the 
past approximately100 years. 

•	 Paleo Resampled: Future hydrologic 
trends and variability are represented by 
reconstructions of streamflow for a much 
longer period in the past (nearly 1,250 
years) that show expanded variability. 

•	 Paleo Conditioned: Future hydrologic 
trends and variability are represented by a 
blend of the wet-dry states of the longer 
paleo reconstructed period (nearly 1,250 
years), but magnitudes are more similar to 
the observed period (about 100 years). 

6
 



Projected Future Water Supply and Demand Scenarios 

•	 Downscaled GCM Projected: Future 
climate will continue to warm with 
regional precipitation and temperature 
trends represented through an ensemble of 
112 future downscaled GCM projections. 

Under the Downscaled GCM Projected 
scenario, the median of the mean natural flow 
at Lees Ferry over the next 50 years is 
projected to decrease by approximately nine 
percent, along with a projected increase in 
both drought frequency and duration as 
compared to the observed historical and 
paleo-based scenarios. The range of this result 
varies amongst the individual GCM 
projections that comprise this scenario with 
some of the GCM projections showing a 
larger decrease in mean natural flow than nine 
percent while others showing an increase over 
the observed historical mean. Droughts7 

lasting 5 or more years are projected to occur 
50 percent of the time over the next 50 years. 
Projected changes in climate and hydrologic 
processes include continued warming across 
the Basin, a trend towards drying (although 
precipitation patterns continue to be spatially 
and temporally complex), increased 
evapotranspiration, and decreased snowpack 
as a higher percentage of precipitation falls as 
rain, rather than snow and warmer tempera
tures, causes earlier melt. 

The process of using GCM projections and 
hydrologic modeling to generate projections 
of future streamflow presents a number of 
uncertainties and reflects methodological 
choices made in the Study. For example, 
choices of different downscaling techniques 
or the selection of a different hydrologic 

model to determine streamflow would yield 
different results. Notwithstanding minor 
methodological and reporting differences, the 
results presented in this report are consistent 
with Reclamation’s report to Congress 
published in March 20118 in fulfillment of the 
requirements within Section (§) 9503 of the 
SECURE Water Subtitle of the Omnibus 
Public Land Management Act of 2009 (Public 
Law 111-11). 

Lees Ferry, Colorado River, Arizona 

1.2 Water Demand Scenarios 

Historically, Reclamation has considered a 
single projection of future demands in long-
term Basin planning studies. The Study 
considered a range of projections of demand, 

7 For the purpose of the Study, a drought period occurs whenever the running 2-year average flow at Lees Ferry falls below 15.0
 
maf, the observed historical long-term mean.
 
8 Bureau of Reclamation, 2011. SECURE Water Act Section 9503(c) – Reclamation Climate Change and Water 2011. 
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developed through a scenario 
planning process, which is a 
significant and important 

advancement in long-term water planning in 
the Basin. These demands were based on data 
and information provided by the Basin States, 
tribes, federal agencies, and other water 
entitlement holders. Through the scenario 
planning process, the most critical uncertain
ties affecting future demand were identified 
(for example, changes in population and water 
use efficiency) and were combined into six 
scenarios, as follows: Current Projected (A), 
Slow Growth (B), Rapid Growth (C1 and C2), 
and Enhanced Environment (D1 and D2). 

Agricultural irrigation in Arizona 

Based on these scenarios, and factoring in 
both Mexico’s 1944 Treaty allotment and 
water loss due to evaporation and operations, 
the Colorado River demand for consumptive 

The Study considered a range of 
projections of demand, developed 
through a scenario planning process, 
which is a significant and important 
advancement in long-term water 
planning in the Basin. 

uses is projected to range between about 18.1 
maf under the Slow Growth (B) scenario and 
about 20.4 maf under the Rapid Growth (C1) 
scenario by 2060. The largest increase in 
demand is projected to be in the M&I catego
ry, due to population growth. Population 
within the Study Area is projected to increase 
from about 40 million in 2015 to between 
49.3 million under the Slow Growth (B) 
scenario and 76.5 million under the Rapid 
Growth (C1) scenario by 2060. Additionally, 
the water demand assessment confirmed that 
the Lower Division States have demand for 
Colorado River water beyond their 7.5 maf 
basic apportionment across all scenarios. 

Non-consumptive9 demands, such as those 
associated with uses for hydropower and 
recreation and ecological resources, were 
included through the development of system 
reliability metrics and were not quantified in 
the same manner as demand for consumptive 
uses. For example, non-consumptive flow 
targets supporting the environment and 
recreational activities were developed for 
several locations throughout the Basin. The 
impact on these resources was assessed across 
all combinations of supply and demand 
scenarios in the Study’s system reliability 
analysis. 

9 Non-consumptive use is defined as water used without diminishing available supply. 
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2.0	 Projected Future Water 
Supply and Demand 
Imbalances 

The range of the projected future water supply 
and demand in the Basin, as determined 
through the scenario process, is shown 
conceptually in figure 2. Without additional 

Dry dock at Lake Mead in Nevada 

future water management actions, a wide 
range of future imbalances is plausible 
primarily due to the uncertainty in future 
water supply. Comparing the median of water 
supply projections against the median of the 
water demand projections (medians are 
indicated by the darker shading), the long-
term projected imbalance in future supply and 
demand is about 3.2 maf by 2060. The 

imbalance, however, can be 
much greater (or less) under any 
one of the multiple plausible 
future supply and demand 
scenarios. The projected 
imbalance in figure 2 does not 
consider the effect of reservoir 
storage, which has and will 
continue to be used to meet 
Basin resource needs when 
demand exceeds supply. The 
potential impacts associated with 
these imbalances to Basin 
resources were assessed through 
modeling and use of system reli
ability metrics, which consider 
the effects of reservoir storage. 

9
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FIGURE 2



1 Water use and demand include Mexico’s allotment and losses such as those due to reservoir evaporation, native vegetation, and 
operational inefficiencies. 

Historical Supply and Use1 and Projected Future Colorado River Basin Water Supply and Demand 
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3.0	 Options and Strategies 
to Resolve Supply and 
Demand Imbalances 

The Basin States have made significant 
investments in developing other water 
resources and implementing programs and 
policies to balance current and future supplies 
with existing and future demands. Many of 
these efforts have resulted in solutions to past 
water management challenges and will 
continue to provide benefit to the system in 
meeting the challenges that lie ahead. 

To identify a broad range of additional 
potential options to resolve water supply and 
demand imbalances, input from Study 
participants, interested stakeholders, and the 
general public was solicited for consideration 
in the Study. The solicitation period was from 
November 2011 through February 2012, and 
those interested in submitting ideas were 
asked to complete and submit an option 
submittal form. During this period, over 150 
options were received and were organized 
into 4 groups: 1) those that increase Basin 
water supply (Increase Supply), 2) those that 
reduce Basin water demand (Reduce 
Demand), 3) those that focus on modifying 

operations (Modify Operations), and 4) those 
that focus primarily on Basin governance and 
mechanisms to facilitate option implementa
tion (Governance and Implementation). 
Despite the submission of several options that 
may ultimately be considered too costly or 
technically infeasible, the Study explored 
a wide range of options with the goal of 
ensuring that all viable options were 
considered. 

From these broad groups, categories of 
options were developed, and each submitted 
option was assigned to one category based on 
its primary function. Recognizing that every 
option submitted could not undergo further 
evaluation due to time and resource 
constraints, representative options that 
spanned the range of the option categories 
were developed. About 30 representative 
options were developed to ensure the concepts 
embodied in each submitted option were 
reflected and were further evaluated. Many of 
the representative options were evaluated 
quantitatively, which entailed an assessment 
of cost, yield, and timing in addition to 
assignment of a rating (“A” through “E”) to 
14 other criteria, listed in table 1. 

11
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Technical Environmental 

Technical Feasibility

Implementation Risks

Long-Term Viability

Operational Flexibility

Permitting

Energy Needs

Energy Source

Other Environmental Factors

Social Other

Recreation

Policy

Legal

Socioeconomics

Quantity of Yield

Timing

Cost 

Hydropower

Water Quality

TABLE 1 
Criteria Used to Evaluate Representative Options 

While many of the criteria were assigned a 
qualitative rating, the assessment of cost, 
quantity of yield, and timing entailed numeric 
estimates to facilitate the grouping of these 
options into portfolios and the modeling of 
those portfolios. Costs were computed as 
present day annualized capital, operating, and 
replacement cost per acre-foot of option yield. 

Yuma Desalting Plant, Arizona 

It should be noted that the assessment of these 
criteria was at an appraisal level and there are 
many associated uncertainties, especially with 
respect to estimates regarding costs and 
quantity of yield. A qualitative description 
was provided for representative options for 
which the criteria listed in table 1 were not 
suitable, such as those options in the 
Governance and Implementation group. A 
summary of the representative options within 
the Increase Supply, Reduce Demand, and 
Modify Operations groups and the cost, yield, 
and timing, and their inclusion in portfolios, 
where applicable, is provided in table 2. 

The Governance and Implementation group 
consists of ideas and suggestions related to 
three major categories: Water Management 
and Allocation, Tribal Water, and Data and 
Information. Most concepts related to Water 
Management and Allocation and Tribal 
Water have significant legal and policy 

12 
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Imports to the Colorado
Front Range from the
Missouri or Mississippi
Rivers

1,700 -
2,300

30 0 600,000 Portfolios A, B

Imports to the Green
River from the Bear,
Snake or Yellowstone1

Rivers

700 - 1,900 15 158,000 158,000

Imports to Southern
California via Icebergs,
Waterbags, Tankers,
or from the Columbia
River

2,700 -
3,400

15 600,000 600,000

Importation

Subtotal 758,000 1,358,000

Gulf of California 2, 20 - 30 200,000 1,200,000 Portfolios A, B
(up to 400 kafy)

Pacific Ocean in
California

1, 20 - 25 200,000 600,000 Portfolios A, B
(up to 400 kafy)

Pacific Ocean in
Mexico

1, 15 56,000 56,000 Portfolios A, B

Portfolios A, B

Portfolios A, C

Portfolios A, C

Salton Sea Drainwater 1,000 15 - 25 200,000

200,000

500,000 All Portfolios

Groundwater in
Southern California

750 10 20,000 20,000 All Portfolios

Groundwater in the Area
near Yuma, Arizona

600 10 100,000 100,000 All Portfolios

Desalination

Subtotal

Subtotal

Subtotal

776,000 2,476,000

Municipal Wastewater 1,500 -
1,800

10 - 35 932,000 All Portfolios

Grey Water 4,200 10

10

178,000 178,000 Portfolio C

Industrial Wastewater 2,000  40,000 40,000 All Portfolios

Reuse

418,000 1,150,000

Treatment of Coal Bed
Methane -
Produced Water

10 100,000 100,000

Rainwater Harvesting 5 75,000 75,000 Portfolio C

Local Supply

175,000 175,000

Brush Control 7,500 15 50,000 50,000 None

None

None

Dust Control 220 - 520 15 - 25 280,000 400,000

Forest Management 500 20 - 30 200,000 300,000 None

Tamarisk Control 400 15 30,000 30,000

Weather
Modification

30 - 60 5 - 45 700,000 1,700,000 All Portfolios
(up to 300 kafy)

Increase
Supply

Watershed
Management

Subtotal 1,260,000 2,480,000

1

Representative
Option

Option
Category

Option
Type

Estimated
Cost

($/afy)

Years
before

Available

Potential
Yield by

2035 (afy)

Potential
Yield by

2060
(afy)

Option
Included in
Portfolio

102,100

1,850-
2,100

1,500

1,000

750

600

1,500 -
1,800

1,700 -
2,300

700 - 1,900

2,700 -
3,400

2,000

3,150

7,500

500

400

30 - 60

220 - 520

4,200

2,000

TABLE 2 
Summary of Representative Options Including Cost, Timing, Potential Yield, and Inclusion in Portfolios 
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TABLE 2
 

None

M&I Water
Conservation

500 - 900 5 - 40 600,000 1,000,000

150 - 750 10 - 15 1,000,0001,000,000

250 - 750 5 - 15 1,000,0001,000,000

All Portfolios

All Portfolios

All Portfolios

M&I Water
Conservation

Reduce
Demand

Subtotal

Subtotal

Subtotal

600,000 1,000,000

Agricultural
Water
Conservation

Agricultural
Water
Conservation

Agricultural
Water
Conservation
with Transfers

1,000,0002 1,000,0002

160,000 160,000

Power Plant
Conversion to Air
Cooling

2,000 10 160,000 160,000 All Portfolios

All Portfolios

Evaporation
Control via Canal
Covers

15,000 10 18,000 18,000 None

Evaporation
Control via
Chemical Covers
on Canals or
Reservoirs

Evaporation
Control via
Reservoir
Covers

15,000 20 200,000 200,000

100 15 - 25 200,000 850,000 None

Energy
Water Use
Efficiency

System
Operations

Modify
Operations

Modified
Reservoir
Operations

N/A 15 0 - 300,000 0 - 300,000 None

Upper Basin
Water Banking4

N/A 10 500,000 800,000 Portfolios A,C

Construction of
New Storage

2,250 15 20,000 20,000 None

Subtotal 588,0003 1,238,0003

Water Transfers
and Exchanges
(same as
Agricultural
Water
Conservation
with Transfers)

250 - 750 5 - 15 1,000,0001,000,000Water
Transfers,
Exchanges,
and Banking

All Options 5,735,0005 11,037,0005

Representative
Option

Option
Category

Option
Type

Estimated
Cost

($/afy)

Years
before

Available

Potential
Yield by

2035 (afy)

Potential
Yield by

2060
(afy)

Option
Included in

Portfolio

Summary of Representative Options Including Cost, Timing, Potential Yield, and Inclusion in Portfolios 
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Table 2 Notes 
1 Among the more than 150 options submitted to Reclamation as responsive to the Plan of Study, additional 

importation of water supplies from various sources, including importation of water from the Snake and Columbia
 
River systems, were submitted to the Study. Such options were appropriately reflected in the Study, but did not
 
undergo additional analysis as part of a regional or river basin plan or any plan for a specific Federal water resource
 
project. The Study is not a regional or river basin plan or proposal or plan for any Federal water resource project.
 
2 The two agricultural water conservation representative options derive potential yield from similar measures and are
 
thus not additive.
 
3 Subtotal assumes 150,000 afy for the Modified Reservoir Operations representative option.
 
4 The values related to Upper Basin Banking reflected assumptions developed for modeling purposes. It was
 
assumed that bank water is generated through conservation; therefore, the potential yield of the bank is consistent
 
with the Upper Basin portion of agricultural and M&I conservation and energy water use efficiency.
 
5 Total does not account for several options that may be mutually exclusive due to regional integration limitations or
 
are dependent on the same supply.
 

Glen Canyon Dam, Arizona 

considerations and were included in the Study 
but were not assessed. Where appropriate, 
these concepts will require future discussions 
beyond the scope of the Study. Data and 
Information ideas recommended future data 
and tool development to support future plan
ning activities in the Basin. 

When considering all options and all cate
gories, the potential yield is approximately 5.7 
maf per year (mafy) by 2035 and more than 
11 mafy by 2060. However, not all options 
are equally feasible or reliable in the long 
term. Some options, such as imports into 

southern California via submarine pipelines, 
water bags, icebergs, or those related to 
watershed management (e.g. weather 
modification or dust control), have either 
significant technical feasibility challenges or 
significant questions regarding their reliabili
ty. Excluding options that rate low for these 
factors, the potential yield is reduced to 
approximately 3.7 mafy by 2035 and to 
approximately 7 mafy by 2060. 

Recognizing no single option will be 
sufficient to resolve future projected supply 
and demand imbalances, groups of options, 
called portfolios, were developed to reflect 
different adaptive strategies. Each portfolio 
consists of a unique combination of options 
that were considered to address Basin 
resource needs—for example, the water eleva
tion in Lake Mead—that may exist under 
future combinations of supply and demand. 
Four portfolios were evaluated in the Study 
and represent a range of reasonable but differ
ent approaches for resolving future supply and 
demand imbalances. The portfolios are not 
intended to represent all possible strategies for 
grouping options. Further, the Study does not 
result in the selection of a particular portfolio 
or any one option from any portfolio. The 

15 



Portfolio Name Portfolio Description

Portfolio B Includes options with high technical feasibility and high long-term reliability; excludes
options with high permitting, legal, or policy risks.

Portfolio C Includes only options with relatively low energy intensity; includes an option that results in
increased instream flows; excludes options that have low feasibility or high permitting risk.

Portfolio D Is the most selective and contains only those options that are included in both Portfolio B
and Portfolio C.

Portfolio A Is the least restrictive and contains all options that are in both Portfolio B and Portfolio C.

 

Executive Summary 

objective of the portfolio 
analyses is to demonstrate the 
effectiveness of different 

strategies in resolving future supply and 
demand imbalances. 

Using the ratings associated with the criteria 
listed in table 1 to express certain preferences 
towards a future strategy resulted in two 
portfolios, Portfolio B and Portfolio C. Two 
other portfolios were then developed, 
Portfolio A and Portfolio D, to represent a 
highly inclusive strategy that includes all 
options in either Portfolio B or Portfolio C 
and a highly selective strategy that includes 
only options included in both Portfolio B and 
Portfolio C. The four portfolios considered in 
the Study are summarized in table 3. 

Portfolio B is based on a strategy that seeks 
long-term water supply reliability through 
implementation of options with high technical 
feasibility and long-term reliability. The 
strategy can be defined as seeking options 
with proven technology that, once in place, 
will produce reliable long-term yield. The 
strategy represents a low-risk strategy in the 
long term, but allows greater risk with respect 
to permitting and implementation. 

TABLE 3 
Study Portfolios 

Conservation landscaping in Arizona 

Portfolio C focuses on options that are 
technically feasible but also may have lower 
environmental impacts such as low energy 
needs, lower carbon energy sources, low 
permitting risk, and low impacts to other 
environmental factors. The strategy can be 
defined as one that prioritizes options provid
ing long-term solutions that are flexible and 
seek to enhance ecological and recreational 
flows while minimizing the effects on other 
Basin resources. The strategy represents a 
low-risk strategy in the near term but allows 
greater risk with respect to long-term 
performance of conservation measures. 
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4.0	 Evaluation of Options 
and Strategies to 
Resolve Supply and 
Demand Imbalances 

The evaluation of the effectiveness of the four 
portfolios at resolving future potential supply 
and demand imbalances consisted of the 
following: identifying the reliability of the 
system at meeting Basin resource needs under 
all future supply and demand scenarios 
without portfolios in place (termed “Baseline” 
system reliability); defining of vulnerable 

Southwestern willow flycatcher 

conditions—those stressing to Basin 
resources; and evaluating the effectiveness of 
portfolios as measured by their ability to 
improve system reliability and reduce 
vulnerabilities relative to the Baseline. The 
estimation of cost and other tradeoffs 
associated with implementing the four 
portfolios were also explored. 

The performance of Basin resources was 
measured through system reliability metrics 
(metrics). With broad stakeholder involve
ment, a comprehensive set of metrics that 
span six resource categories (Water Delivery, 
Electrical Power, Water Quality, Flood 
Control, Recreational, and Ecological 
Resources) was identified. From those 
metrics, levels reflecting vulnerability or 
resource risk were identified. The combina
tion of a particular metric and the assumed 
level of risk are termed “vulnerability.” Two 
important vulnerabilities that provide an 
overall indication of system reliability are: 1) 
Lake Mead elevation dropping below 1,000 
feet above mean sea level (msl) in any month 
and 2) Lee Ferry deficit10, when the 10-year 

10 Article III(d) of the Colorado River Compact stipulates that the Upper Division States will not cause the flow of the river at the 
Lee Ferry Compact Point to be depleted below an aggregate of 75 maf for any period of 10 consecutive years. For the purpose of 
the Study, a Lee Ferry deficit is defined as the difference between 75 maf and the 10-year total flow arriving at Lee Ferry. 
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Executive Summary 

running total flow at Lee 
Ferry, Arizona is less than 75 
maf. 

Baseline system reliability was modeled 
considering all combinations of the supply 
and demand scenarios. Additionally, two 
operational assumptions regarding Lake 
Powell and Lake Mead operations beyond the 
effective period of the Colorado River Interim 
Guidelines for Lower Basin Shortages and 
Coordinated Operation for Lake Powell and 
Lake Mead in 2026 were considered. Since 
each supply scenario has over 100 individual 
sequences, the Baseline system reliability is 
comprised of over 20,000 simulations. 
Despite the findings from the water demand 
assessment that the Lower Division States 
have demand for Colorado River water 
beyond their 7.5 maf basic apportionment, the 
Baseline system reliability assumes deliveries 
to the Lower Division States remain 
consistent with and within their basic 
apportionment. 

In summary, the Baseline analysis indicates 
that without action, it will become 
increasingly difficult for the system to meet 
Basin resource needs over the next 50 years. 
Future projected development of water 
supplies and increased consumptive use in the 
Upper Basin combined with potential 
reductions in future supply results in reduced 
volumes of water stored in system reservoirs. 
With lower water elevations in reservoirs, the 
needs for resources such as hydropower and 
shoreline recreation were less frequently 
satisfied, while water delivery shortages 
increased. Decreases in flows in key river 
tributaries have negative implications for 
flow-dependent resources such as boating 
recreation and river ecology. These findings 
fully support the need to develop and evaluate 
options and strategies to help resolve the 
water supply and demand imbalance. 

Green River below Flaming Gorge Dam, Utah 

Vulnerabilities for the latter period of the 
Study period (2041 through 2060) under 
Baseline conditions are summarized in 
table 4. 

The Baseline system reliability also reveals 
that many combinations of future water 
supply and demand result in management 
challenges. In fact, most combinations stress 
some Basin resources through 2060. In the 
near-term (2012 through 2026), water 
demands are similar across scenarios, and the 
largest factor affecting the system reliability 
is water supply. In the mid-term (2027 
through 2040), the demand for water is an 
increasingly important element in the 
reliability of the system, as are assumptions 
regarding the operations of Lakes Powell and 
Mead. In the long-term (2041 through 2060), 
the futures that consider the Downscaled 
GCM Projected water supply scenario, which 
incorporates projections of future climate, 
show a high inability to meet resource needs, 
regardless of the demand scenario and the 
operation of Lakes Powell and Mead. The 
first stage in the portfolio analysis revealed 
that when all options in the most inclusive 
portfolio (Portfolio A) are implemented 
immediately upon availability, and without 
meeting demand of the Lower Division States 
above 7.5 maf, plausible futures still exist in 
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Resource

Water Delivery

Electrical Power 

Flood Control 

Water Quality

Recreation 

Ecological 

1

System Vulnerability Baseline Portfolio A Portfolio B Portfolio C Portfolio D

7% 2% 2% 3% 3% 

Lower Basin (Lake Mead pool 
elevation below 1,000 feet msl)

%% 3% 3% 5% 6% 

18% 

19% 

9% 10% 10% 11% 

42% 14% 14% 19% 20% 

1% 4% 4% 3% 34% 

0% 0% 0% 0% 0% 

30% 14% 16% 17% 19% 

24% 11% 11% 12% 13% 

57% 31% 30% 37% 39%

38% 30% 28% 30% 31%

12% 4% 4% 7% 8% 

Upper Basin 
(Lee Ferry Deficit)

Lower Basin Generation
(Lake Mead pool elevation
below 1,050 feet msl)

Upper Basin Generation (below
4,450 gigawatts per hour per year
for 3 consecutive years)

Salinity below Parker Dam
(greater than numeric criteria)1

Colorado River Boating (days 
less than current conditions 
with variable hydrology)

Lake Powell Shoreline Facilities 
(pool elevation less than 3,560
feet msl)

Lake Mead Shoreline Facilities 
(pool elevation less than 1,080
feet msl)

Colorado River Flow (less than 
targeted flow conditions)
Hoover Dam to Davis Dam Flow 
Reductions (annual flow change
greater than 845 thousand
acre-feet)

Critical River Stage below 
Hoover Dam (greater than
28,000 cubic feet per second)

The salinity component of the Colorado River Simulation System as presently configured works only with direct
observed and paleo-reconstructed data. As such, values reported do not include results from the Paleo Conditioned
and the Downscaled GCM Projected scenario.

Evaluation of Options and Strategies to Resolve Supply and Demand Imbalances 

which the system is vulnerable. While the 
implementation of these options results in a 
sizeable reduction in vulnerability (the 
percentage of futures resulting in Lake Mead 
elevations being less than 1,000 feet msl is 
reduced from about 19 percent to 3 percent), 
these results indicate that complete elimina
tion of Basin vulnerability is not likely 
attainable. 

Because the Lower Division States have 
demand for Colorado River water above their 
7.5 maf basic apportionment, any Basin-wide 
strategy must take this into consideration. As 
such, the portfolio analysis was designed to 

TABLE 4 

not only implement options to 
reduce system vulnerability, but 
also to satisfy the Lower 
Division States’ demand above the 7.5 maf 
basic apportionment. Augmentation, reuse, 
and conservation (with and without transfers) 
were the only options included in the 
portfolio analysis that could be used to satisfy 
these demands. 

A summary of the system reliability results 
with the four portfolios in place is also 
summarized in table 4. Each portfolio was 
modeled under all future conditions that 
comprised the Baseline reliability, resulting in 

Summary of System Reliability Outcomes (Percent of Years Vulnerable) for Baseline and Portfolios for All 
Scenarios, 2041–2060 Period 

1 The salinity component of the Colorado River Simulation System as presently configured works only with direct observed and 
paleo-reconstructed data. As such, values reported do not include results from the Paleo Conditioned and the Downscaled GCM 
Projected scenario. 
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Executive Summary 

over 20,000 simulations for 
each portfolio. The portfolios 
were modeled such that 

options were implemented only when needed 
to address specific vulnerabilities, thus 
minimizing the investment simulated in the 
analysis. As shown in the table, inclusion of 
the portfolios was projected to improve the 
ability to meet Basin resources needs (i.e. 
reduce vulnerabilities). The vulnerabilities 
related to critical Upper Basin and Lower 
Basin water delivery metrics were reduced by 
50 percent or more. The results for metrics 
related to electrical power, water quality, 
recreation, and ecological resources 
indicate similar reductions in vulnerabilities. 
Only the metric related to flood control below 
Hoover Dam shows a slight increase in 
vulnerability due to the potential for higher 
reservoir storage (and higher likelihood of 
high release) when portfolios were included. 

Although these reductions in vulnerabilities 
are encouraging, vulnerabilities continue to be 
present under some conditions, even when 
every option was implemented as soon as it 
was assumed to be available. This result is 
primarily because of the hydrologic 
conditions driving those vulnerabilities. 
Statistical analysis was performed to 
determine the specific hydrologic conditions 
(e.g., droughts of a particular length) that 
tended to result in certain critical vulnerabili
ties (e.g., Lee Ferry deficit and Lake Mead 
elevation less than 1,000 feet msl). Under 
Baseline conditions, the potential for these 
critical vulnerabilities was found to be 
strongly correlated to long-term mean natural 
flows at Lees Ferry below the historical 
average of 15.0 maf and droughts of 8 years 
or greater in duration. 

Although the implementation of the portfolios 
does not completely eliminate the occurrence 

of such critical vulnerabilities, the portfolios 
are successful in significantly improving the 
resiliency of Basin resources to these vulnera
ble hydrologic conditions. With portfolios in 
place, the system is able achieve similar lev
els of reliability under more adverse hydro
logic conditions. Specifically, with portfolios 
in place, the long-term average flow to which 
the Basin is vulnerable is about 0.5 mafy less 
and the magnitude of the 8-year period of 
lowest flows is increased about 1 mafy. This 
type of information provides insight into spe
cific hydrologic conditions that the system 
should be able to successfully endure and can 
inform water managers when crafting strate
gies to effectively hedge against those events. 

Although the portfolio analysis successfully 
demonstrated that system reliability can be 
improved, it is not without significant cost 
and performance tradeoffs. Figure 3 illustrates 
the performance across portfolios by water 
supply scenario in terms of addressing the 
critical Upper Basin and Lower Basin 
vulnerabilities. 

Portfolio B favors options believed to have 
higher certainty of available water supply 
once implemented. As shown on the right side 
figure 3, this portfolio performs as well or 
better than all the other portfolios for 
addressing the Lower Basin vulnerability. The 
portfolio is less effective than Portfolios A 
and C for the Upper Basin vulnerability 
(figure 3, left side), particularly in the 
Downscaled GCM Projected supply scenario 
(bottom row). 

Portfolio C, while focused on options 
that favor lower energy needs and less 
environmental impacts, is more dependent on 
shifting social values towards additional water 
conservation and reuse. Choosing to imple
ment options characterized as having low 
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FIGURE 3 
Percent of Years Vulnerable for Upper Basin (left) and Lower Basin (right) Vulnerabilities in 2041–2060 with 
Portfolios, by Water Supply Scenario 

energy needs (as a surrogate for potential 
environmental impacts) might come at the 
expense of having a less certain long-term 
water supply. However, this portfolio per
forms well for addressing the Upper Basin 
vulnerability (figure 3, left side) and is partic
ularly effective under the Downscaled GCM 
Projected supply scenario (figure 3, bottom 
row). The effectiveness of this portfolio for 
addressing Upper Basin reliability vulnerabili
ties is largely attributable to the inclusion of 
an Upper Basin water bank that specifically 
targets this vulnerability. Portfolio C is less 
effective, however, at addressing the Lower 

Basin reliability vulnerabilities (figure 3, right 
side). 

Tradeoffs also exist with respect to portfolio 
costs, and these differ depending on the 
specific future conditions. As shown in figure 
4, the annual cost, in 2012 dollars, for 
implementing the portfolios ranges from 
approximately $2.5 billion to $3.5 billion in 
the year 2060 when considering the median of 
the Observed Resampled supply sequences, 
and from $3.6 billion to $5.8 billion when 
considering the median of the Downscaled 
GCM Projected supply sequences. The 
variability of the cost (reflected by the 
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Executive Summary 

FIGURE 4 
Portfolio Cost and Percent of Years Vulnerable for Upper Basin (left) and Lower Basin (right) Vulnerability for 
2041–2060 across Water Supply Scenarios and Lowest Streamflow Conditions 

1 Lowest Streamflow Conditions are defined as those in which the average of the 2012–2060 natural flow at Lees Ferry is less 
than 14 mafy and the lowest 8-year natural flow at Lees Ferry from 2012–2060 averages less than 11 mafy. 
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inter-quartile range or the length of the bars) 
reflects the varying size of the portfolios in 
different future conditions. Because of the 
appraisal-level option cost estimating used in 
the Study, the cost values contain additional 
uncertainty not directly reflected in these 
estimates. Across three supply scenarios 
(Observed Resampled, Paleo Resampled, and 
Paleo Conditioned), Portfolios B and D are 
generally shown to be less costly than 
Portfolios A and C. For the Downscaled GCM 
Projected water supply scenario tradeoffs 
between portfolios begin to become apparent. 
Specifically, Portfolio C leads to fewer 
vulnerable years with respect to Upper Basin 
vulnerability than Portfolios A and B, with an 
upper range of costs that is also lower than 
those for Portfolios A and B. Conversely, 
Portfolio A generally leads to the fewest 
vulnerable years with respect to Lower Basin 
reliability than other portfolios. 

The differences among the portfolios become 
more apparent in terms of costs and ability to 
reduce vulnerability as one focuses on the 
future conditions that are particularly 
stressing to the Basin. For water supply 
conditions that are less favorable, such as in 
the “Lowest Streamflow” subset of sequences 
(figure 4, bottom row), two distinct tradeoffs 
between reduction in vulnerability and cost 
across the portfolios are apparent. For the 
Upper Basin vulnerability, Portfolio C both 
performs better than Portfolios B and D in 
terms of reducing this vulnerability and has a 
lower range of costs than Portfolios A and B. 
For the Lower Basin vulnerability, however, 
Portfolio B reduces vulnerability more than 
Portfolios C and D and also results in lower 
costs than Portfolio A. 

Although the portfolios explored in the Study 
address water supply and demand imbalances 
differently, there are commonalities across the 

options implemented for each 
portfolio. All of the portfolios 
incorporate significant agricul
tural water conservation, M&I water conser
vation (1 maf each of both additional M&I 
and agricultural conservation was implement
ed in all portfolios), energy water use effi
ciency, and some levels of weather modifica
tion. However, some options were implement
ed more frequently in response to challenging 
water supply conditions. For example, ocean 
and brackish water desalination, wastewater 
reuse, and importation options were imple
mented for the most challenging water supply 
conditions in portfolios in which they were 
included. Future planning will require careful 
consideration of the timing, location, and 
magnitude of anticipated future Basin 
resource needs. The purpose of exploring 
these portfolios is not to identify a “best” 
portfolio or strategy, but to acknowledge that 
there are various ways to address the water 
supply and demand imbalance and to recog
nize that each approach has implications to be 
considered in future planning processes and 
decision-making. 
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5.0 Study Limitations 

Although the technical approach of the Study 
was based on the best science and information 
available, as with all studies, there were 
limitations. The detail at which results are 
reported or the depth to which analyses were 
performed in the Study was limited by the 
availability of data, assessment methods, and 
the capability of existing models. These 
limitations provide opportunities for addition
al research and development and the improve
ment of available data, which will be pursued 
in efforts independent of the Study. Notable 
Study limitations include the following: 

• Ability to Assess Impacts to Basin 
Resources – The ability to assess impacts to 
Basin resources, particularly in the Upper 
Basin, was limited by the spatial and temporal 
detail of the Colorado River Simulation 
System (CRSS), the primary model used in 
the Study. In particular, the Study’s assess
ment of water deliveries at local level, and 
ecological and recreational impacts were 
affected by these limitations. Future efforts 
will evaluate ways to improve the assessment 
of these resources in future studies which 
will include enhancements to CRSS, as 
appropriate. 

• Treatment of Lower Basin Tributaries – 
CRSS uses historical inflows (not natural 
flows) based on USGS streamflow records for 
four tributaries below Lees Ferry (the Paria, 
Little Colorado, Virgin, and Bill Williams 
rivers). In addition, the Gila River is not 
included in CRSS. The current treatment of 
these tributaries limited the ability of the 
Study to fully assess the natural supply of the 
Basin, and the data and methodological incon
sistencies present in the Reclamation’s 
Consumptive Uses & Losses Reports limited 
the ability of the Study to gain a more 
complete understanding of historical 
consumptive use in the Basin. The Basin 
States will also work with Reclamation in 

Lake Powell, formed by Glen Canyon Dam 
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Study Limitations 

fulfilling the commitments regarding the 
Lower Basin tributaries specifically described 
in Technical Report C – Water Demand 
Assessment, Appendix C11. 

• Treatment of Agricultural Land Use in 
Water Demand Scenarios – The develop
ment of the water demand storylines included 
participation from a broad range of stakehold
ers. The storylines were developed to repre
sent a range of plausible futures regarding 
future demand. However, the assumptions in 
some storylines with regard to key driving 
forces resulted in the same directional 
changes in demand across the storylines. For 
example, the assumptions of continued con
version of agricultural land use to urban land 
use and lower-economic value crops being 
phased out in some areas led to overall agri
cultural land use (i.e., the number of irrigated 
acres) decreasing over time over all scenarios. 
Although some scenarios do show increasing 
agricultural land use at a state and local level, 
given recent projections of increased agricul
tural productivity necessary to meet future 
food needs, plausible futures should include 
increases in land use. 

• Option Characterization Process – The 
option characterization process strived for 
objectivity and consistency. The limitations 
identified during the characterization process 
included geographic limitations due to the 
extensive size of the basin and regional 
variety, the appraisal-level of the analysis, 
potential subjectivity during the characteriza
tion process, and significant uncertainty due 
to limited data. Specifically for those options 
associated with agricultural and M&I 
conservation and reuse, a detailed assessment 
by individual location for those options was 
not performed. Instead, these options were 

Bill Williams River, Arizona 

characterized at a Basin-wide level. The 
resulting assumptions were adopted for 
purposes of the Study and do not necessarily 
reflect achievable, or even desirable, local 
conservation goals for individual municipali
ties or agricultural locations. Further, not all 
stakeholders in the Study were in agreement 
with all characterization results, but recog
nized that future efforts beyond the Study 
should result in more in-depth assessments of 
the options and reduced uncertainty. 

• Consideration of Options – Due to the 
legal, regulatory, and sometime technical 
complexity of the options submitted, not all 
categories of options submitted underwent a 
quantitative assessment. As such, portfolios 
were largely limited to groups of options that 
lend themselves to modeling implementation 
within the Study’s timeframe, i.e. those that 
increase supply or reduce demand, with the 
exception of the Upper Basin water bank 
concept. The options modeled in CRSS do not 
necessarily reflect the entire range of innova
tive options and strategies that should contin
ue to be explored in future efforts. 
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6.0 Future Considerations Basin-wide levels is needed. The Study’s 

and Next Steps 

Colorado River water managers and 
stakeholders have long understood that 
growing demands on the Colorado River 
system, coupled with the potential for reduced 
supplies due to climate change may put water 
users and resources relying on the river at risk 
of prolonged water shortages in the future. 
The magnitude and timing of these risks 
differ spatially across the Basin. In particular, 
areas where demand is at or exceeds available 
supply are at greater risk than others. The 
Study builds on earlier work and is the next 
significant step in developing a comprehen
sive knowledge base and suite of tools and 
options that will be used to address the risks 
posed by imbalances between Colorado River 
water supply and resource needs in the Basin. 

The Study confirms that the Colorado River 
Basin faces a range of potential future 
imbalances between supply and demand. 
Addressing such imbalances will require 
diligent planning and cannot be resolved 
through any single approach or option. 
Instead, an approach that applies a wide 
variety of ideas at local, state, regional, and 

portfolio exploration demonstrated that 
implementation of a broad range of options 
can reduce Basin resource vulnerability and 
improve the system’s resiliency to dry 
hydrologic conditions while meeting 
increasing demands in the Basin and adjacent 
areas receiving Colorado River water. 

The Study confirms that the Colorado 
River Basin faces a range of 
potential future imbalances between 
supply and demand. Addressing 
such imbalances will require diligent 
planning and cannot be resolved 
through any single approach or 
option. 

The Study indicates that targeted investments 
in water conservation, reuse, and augmenta
tion projects can improve the reliability and 
sustainability of the Colorado River system to 
meet current and future water needs. 
Ultimately, the Study is a call to action. To 
implement the water conservation, reuse, and 
augmentation projects identified in the Study, 
significant additional efforts are required 
immediately. These additional efforts, or next 
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Future Considerations and Next Steps 

Deadhorse Point overlook, Colorado River in Utah 

steps, include a commitment to further 
analysis and planning in many areas related to 
the Study. 

In summary, there are several future actions 
that must take place to move closer towards 
implementing solutions to resolve imbalances 
in the Basin. First, significant uncertainties 
related to water conservation, reuse, water 
banking, and weather modification concepts 
must be resolved in order to adequately 
implement these approaches. Second, costs, 
permitting issues, and energy needs relating to 
large-capacity augmentation projects need to 
be identified and investigated through feasi
bility-level studies. Third, opportunities to 
advance and improve the resolution of future 
climate projections should be pursued and 
enhancements to the operational and planning 
tools used in the Colorado River system to 
better understand the vulnerabilities of the 

water-dependent uses, including environmen
tal flows, should be explored. Fourth, as 
projects, policies, and programs are devel
oped, consideration should be given to those 
that provide a wide-range of benefits to water 
users and healthy rivers for all users. 

In recognition of their ongoing joint commit
ment to future action, Reclamation will 
convene the Basin States along with tribes, 
other Colorado River water entitlement hold
ers, conservation organizations, and other 
interested stakeholders in early 2013 to con
duct a workshop to review the recommended 
next steps and initiate actions to implement 
next steps to resolve the current and potential
ly significant future imbalances in the 
Colorado River system. In early 2013 
Reclamation will also consult and work with 
tribes regarding tribal water issues reflected in 
this report. 

27
 



 

Executive Summary 

Disclaimer 

The Colorado River Basin Water Supply and Demand Study (Study) is funded jointly by the Bureau of 
Reclamation (Reclamation) and the seven Colorado River Basin States (Basin States). The purpose of 
the Study is to analyze water supply and demand imbalances throughout the Colorado River Basin and 
those adjacent areas of the Basin States that receive Colorado River water through 2060; and develop, 
assess, and evaluate options and strategies to address the current and projected imbalances. 

Reclamation and the Basin States intend that the Study will promote and facilitate cooperation and 
communication throughout the Basin regarding the reliability of the system to continue to meet Basin 
needs and the strategies that may be considered to ensure that reliability. Reclamation and the Basin 
States recognize the Study will have to be constrained by funding, timing, and technological and other 
limitations, which may present specific policy questions and issues, particularly related to modeling and 
interpretation of the provisions of the Law of the River during the course of the Study. In such cases, 
Reclamation and the Basin States will develop and incorporate assumptions to further complete the 
Study. Where possible, a range of assumptions will typically be used to identify the sensitivity of the 
results to those assumptions. 

Nothing in the Study, however, is intended for use against any Basin State, any federally recognized 
tribe, the Federal government or the Upper Colorado River Commission in administrative, judicial or 
other proceedings to evidence legal interpretations of the law of the river. As such, assumptions 
contained in the Study or any reports generated during the Study do not, and shall not, represent a legal 
position or interpretation by the Basin States, any federally recognized tribe, Federal government or 
Upper Colorado River Commission as it relates to the law of the river. Furthermore, nothing in the Study 
is intended to, nor shall the Study be construed so as to, interpret, diminish or modify the rights of any 
Basin State, any federally recognized tribe, the Federal government, or the Upper Colorado River 
Commission under federal or state law or administrative rule, regulation or guideline, including without 
limitation the Colorado River Compact, (45 Stat. 1057), the Upper Colorado River Basin Compact (63 
Stat. 31), the Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande, Treaty 
Between the United States of America and Mexico (Treaty Series 994, 59 Stat. 1219), the United 
States/Mexico agreement in Minute No. 242 of August 30, 1973, (Treaty Series 7708; 24 UST 1968) or 
Minute No. 314 of November 26, 2008, or Minute No. 318 of December 17, 2010, or Minute No. 319 of 
November 20, 2012, the Consolidated Decree entered by the Supreme Court of the United States in 
Arizona v. California (547 U.S 150 (2006)), the Boulder Canyon Project Act (45 Stat. 1057), the 
Boulder Canyon Project Adjustment Act (54 Stat. 774; 43 U.S.C. 618a), the Colorado River Storage 
Project Act of 1956 (70 Stat. 105; 43 U.S.C. 620), the Colorado River Basin Project Act of 1968 (82 
Stat. 885; 43 U.S.C. 1501), the Colorado River Basin Salinity Control Act (88 Stat. 266; 43 U.S.C. 
1951) as amended, the Hoover Power Plant Act of 1984 (98 Stat. 1333), the Colorado River Floodway 
Protection Act (100 Stat. 1129; 43 U.S.C. 1600), the Grand Canyon Protection Act of 1992 (Title XVIII 
of Public Law 102-575, 106 Stat. 4669), or the Hoover Power Allocation Act of 2011 (Public Law 112
72). In addition, nothing in the Study is intended to, nor shall the Study be construed so as to, interpret, 
diminish or modify the rights of any federally recognized tribe, pursuant to Federal Court Decrees, State 
Court Decrees, treaties, agreements, executive orders and federal trust responsibility. Reclamation and 
the Basin States continue to recognize the entitlement and right of each State and any federally recog
nized tribe under existing law, to use and develop the water of the Colorado River system. 
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Study Report 

1.0 Introduction 
The Colorado River Basin Water Supply and Demand Study (Study), initiated in January 2010, 
was conducted by the Bureau of Reclamation’s (Reclamation) Upper Colorado and Lower 
Colorado regions, and agencies representing the seven Colorado River Basin States1 (Basin 
States) in collaboration with stakeholders throughout the Colorado River Basin (Basin). As 
defined in the Plan of Study, the purpose of the Study is to define current and future imbalances 
in water supply and demand in the Basin and the adjacent areas of the Basin States that receive 
Colorado River water over the next 50 years (through 2060), and to develop and analyze 
adaptation and mitigation strategies to resolve those imbalances. The Study does not result in a 
decision as to how future imbalances will or should be addressed. Rather, the Study provides a 
common technical foundation that frames the range of potential imbalances that may be faced in 
the future and the range of solutions that may be considered to resolve those imbalances.  

Due to the inherent complexities of the Study and the many diverse interests and perspectives of 
the various stakeholders, interim reports and technical updates were published to reflect 
continual technical developments and the ongoing input of stakeholders. Throughout the course 
of the Study, eight of these interim products were published. These documents are listed in 
Appendix 2 – Previously Published Documents.  The final documentation for the Study is 
organized into three major parts: an Executive Summary, this Study Report (including 
appendices), and technical reports (including appendices). 

This Study Report provides a summary of each of the Study’s seven technical reports as well as 
future considerations and potential next steps that could be conducted as follow-on activities to 
the Study. This Study Report includes seven appendices:  

• Appendix 1 – Plan of Study  
• Appendix 2 – Previously Published Study Documents 
• Appendix 3 – Summary of Past Colorado River Basin Planning Studies 
• Appendix 4 – Study Participants 
• Appendix 5 – Public Involvement Plan 
• Appendix 6 – Outreach Activities 
• Appendix 7 – Peer Review Summary Report 

The seven technical reports summarized in this Study Report are listed below: 

• Technical Report A – Scenario Development. This report describes the scenario planning 
approach used to incorporate uncertainty in future water supply and water demand. 

• Technical Report B – Water Supply Assessment. This report describes the water supply 
scenarios and presents the analysis and comparison of those scenarios. 

                                                      
1Arizona, California, Colorado, New Mexico, Nevada, Utah, and Wyoming. 
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• Technical Report C – Water Demand Assessment. This report describes the water demand 
scenarios, presents the analysis and comparison of those scenarios, and presents information 
on historical consumptive use. 

• Technical Report D – System Reliability Metrics. This report describes the metrics that have 
been identified for use in the assessment of the reliability of the system to meet resource 
needs under future supply and demand scenarios. 

• Technical Report E – Approach to Develop and Evaluate Options and Strategies to 
Balance Supply and Demand. This report provides the overall analytical approach used to 
analyze opportunities to resolve projected water supply and demand imbalances. 

• Technical Report F – Development of Options and Strategies. This report describes the 
ideas (options) submitted to the Study to help resolve water supply and demand imbalances 
and the development of portfolios from those options.  

• Technical Report G – System Reliability Analysis and Evaluation of Options and 
Strategies. This report presents the reliability of the system to meet resource needs under 
future water supply and demand scenarios and the effectiveness of options and strategies at 
improving that reliability.  

Project participants and stakeholders are encouraged to comment on the information provided in 
this Study Report and associated technical reports. Written comments should be submitted within 
90 days following the release of this report. The comments will be summarized and posted to the 
Study website, and will be considered in future planning activities in the Basin. Comments may 
be submitted in the following ways:  

1. Via the Study website at http://www.usbr.gov/lc/region/programs/crbstudy.html 

2. Email to ColoradoRiverBasinStudy@usbr.gov  

3. U.S. mail to U.S. Bureau of Reclamation, Attention: Ms. Pam Adams, LC-2721, P.O. Box 
61470, Boulder City, NV 89006-1470  

4. Facsimile transmission to 702-293-8418 

2.0 Background and Need 
Today, almost 40 million2 people in the seven western states of Arizona, California, Nevada 
(Lower Division States) and Colorado, New Mexico, Utah and Wyoming (Upper Division 
States), collectively referenced as the Basin States, rely on the Colorado River and its tributaries 
to provide some, if not all, of their municipal water needs. That same water source irrigates 
nearly 5.5 million acres of land3 in the Basin – producing some 15 percent of the nation's crops 
and about 13 percent of its livestock, which combined generate many billions of dollars a year in 
agricultural benefits. The Colorado River is also the lifeblood for at least 22 federally recognized 

                                                      
2 About 40 million people are estimated to be in the Study Area, which encompasses the hydrologic boundaries of the Basin in the United States 

plus the adjacent areas of the Basin States that receive Colorado River water, by 2015. See Technical Report C – Water Demand Assessment 
for additional detail. 

3 It is estimated that there will be about 5.5 million irrigated acres in the Study Area by 2015. See Technical Report C – Water Demand 
Assessment for additional detail. 
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tribes (tribes), 7 National Wildlife Refuges, 4 National Recreation Areas, and 11 National Parks. 
Hydropower facilities along the Colorado River supply more than 4,200 megawatts of vitally 
important electrical capacity to helping to meet the power needs of the West and reduce the use 
of fossil fuels. In addition, the Colorado River is vital to the United Mexican States (Mexico). 
The river supports a thriving agricultural industry in the Mexicali Valley and provides municipal 
water supplies for communities as far away as Tijuana.  

The Colorado River system is operated in accordance with the Law of the River4. Apportioned 
water in the Basin exceeds the approximate 100-year record (1906 through 2011) Basin-wide 
average long-term historical natural flow5 of about 16.4 million acre-feet (maf). However, the 
Upper Basin States have not fully developed use of their 7.5-maf apportionment, and total 
consumptive use and losses in the Basin has averaged approximately 15.36 maf over the last 
10 years. Figure 1 shows the historical annual Basin water supply (estimated using the natural 
flow record) and water use7. This figure shows that there have been multiple years when use was 
greater than the supply. Because of the Colorado River system’s ability to store approximately 
60 maf, or nearly 4 years of average natural flow of the river, all requested deliveries were met in 
the Lower Basin during those times. However, there have been periodic shortages throughout the 
Upper Basin and the adjacent areas of the Basin States that receive Colorado River water. 

2.1 Ongoing Efforts to Resolve Water Supply and Demand Imbalances 
Throughout the 20th century, the challenges and complexities of ensuring a sustainable water 
supply and meeting future demand have been recognized. These challenges are documented in 
several studies conducted by Reclamation and the Basin States over the past six decades (see 
Appendix 3 – Summary of Past Colorado River Basin Planning Studies). Appendix 3 provides a 
summary of studies which discussed future water supply and demand imbalances and in some 
cases proposed solutions to dealing with these imbalances. 

These studies include: 

• Colorado River Storage Project and Participating Projects; Upper Colorado River Basin 
(Reclamation, 1950). This report combined various individual Upper Basin reservoir 
proposals into a comprehensive plan to increase long-term carryover water storage.  

• Pacific Southwest Water Plan (Reclamation, 1964). This report projected a Lower Basin 
water supply and demand imbalance and proposed a comprehensive plan to improve water 
supply and distribution, including the importation of water from the northern California 
coastal area. 

 
                                                      
4 The treaties, compacts, decrees, statutes, regulations, contracts and other legal documents and agreements applicable to the allocation, 

appropriation, development, exportation and management of the waters of the Colorado River Basin are often collectively referred to as the 
Law of the River. There is no single, universally agreed upon definition of the Law of the River, but it is useful as a shorthand reference to 
describe this longstanding and complex body of legal agreements governing the Colorado River. 

5 Natural flow represents the flow that would have occurred at the location had depletions and reservoir regulation not been present upstream of 
that location. 

6 Basin-wide consumptive use and losses estimated over the period 2002-2011, including the 1944 Treaty delivery to Mexico, reservoir 
evaporation, and other losses due to native vegetation and operational inefficiencies. 

7 Historical use (as shown in Figure 1) does not necessarily reflect historical water demand, particularly for periods of drought. A decrease in 
reported use during a drought period may reflect the lack of available supply at the point of use rather than a decrease in the need for water. 
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FIGURE 1 
Historical Annual Colorado River Basin Water Supply and Use 

 
Year 

Historical water use is the total use of water throughout the Basin for agricultural, municipal and industrial (M&I), and other 
consumptive uses including Mexico, plus losses through evaporation at mainstream reservoirs and use by native and non-native 
vegetation. Natural flow is used as an estimate of water supply in the Basin. In the current natural flow record, historical inflows 
based on U.S. Geological Survey (USGS gaged records are used as estimates of natural flow for the Paria River, Little Colorado 
River, Virgin River, and Bill Williams River without adjustment for upstream water uses. However, the Gila River is not included in the 
natural flow record. Therefore, the use reported here excludes consumptive uses on these tributaries. See Technical Report C – 
Water Demand Assessment, Appendix C11 – Modeling of Lower Basin Tributaries in the Colorado River Simulation System for 
additional detail regarding the treatment of these tributaries in the Study. 
 

• Comprehensive Framework Study, Lower Colorado Region (Pacific Southwest Inter-agency 
Committee, 1971a). This federal-state study projected a Lower Basin water supply and 
demand imbalance and concluded that a future water import program would be needed as 
part of a proposed framework program for the development and management of Lower Basin 
water resources to 2020.  

• Comprehensive Framework Study, Upper Colorado Region (Pacific Southwest Inter-agency 
Committee, 1971b). This federal-state study presented a framework program for the 
development and management of the water and related land resources of the Upper Basin to 
2020, including alternative plans with emphases on differing water uses, some of which were 
dependent on water importation.  

• Westwide Study Report on Critical Water Problems Facing the Eleven Western United States 
(Reclamation, 1975). This federal-state study described key factors affecting future water 
needs, formulated alternative future demand scenarios, and identified options for dealing 
with anticipated shortages. The study concluded that in spite of conservation, the Basin faces 
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future water shortages unless its natural flows are augmented or water-dependent Basin 
development is curtailed.  

These studies clearly recognized the challenges facing the Basin. The Colorado River Basin 
Project Act of 1968, which authorized the construction of the Central Arizona Project (CAP), the 
Southern Nevada Water Project, and other projects in the Lower Basin, further discussed the 
need for augmentation.8  

Historically, water planning efforts resulted in the construction of significant infrastructure. 
Notable examples include Hoover and Glen Canyon Dams, the Central Arizona and Central Utah 
projects, Colorado’s many headwaters trans-basin diversions, California’s Colorado River 
Aqueduct, the All-American Canal, and a wide range of other local and regional water 
infrastructure projects. In the latter part of the 20th century and in the early portion of the 21st 
century, focus has shifted from developing available water resources to an emphasis on 
improving the efficiency of the operation of Colorado River reservoirs and increasing the level of 
predictability afforded to entities who receive Colorado River water through better planning and 
managing of available water supplies. Two notable examples from this period are the Operation 
of Glen Canyon Dam Final Environmental Impact Statement (Reclamation, 1996) and the 
Colorado River Interim Guidelines for Lower Basin Shortages and Coordinated Operations of 
Lake Powell and Lake Mead Final Environmental Impact Statement (2007 Interim Guidelines 
Final EIS [Reclamation, 2007]). Both of these resulted in the adoption of new reservoir operating 
policies. 

Colorado River stakeholders have made significant investments in developing other water 
resources and implementing programs and policies to balance current and future supplies with 
existing and future demands. Many of these efforts have resulted in solutions to past water 
management challenges and will continue to provide benefit to the system in meeting the 
challenges that lie ahead.  

2.2 The Need for the Study  
Concerns regarding the reliability of the Colorado River system to meet future needs are even 
more apparent today. The Basin States include some of the fastest-growing urban and industrial 
areas in the United States. California is ranked among the five fastest-growing states in the 
country. Arizona and Colorado are in the top 10 fastest-growing states in the country. The 
continued growth and sustainability of the communities and economies of metropolitan areas 
such as Albuquerque, Denver, Las Vegas, Los Angeles, Phoenix, Salt Lake City, and San Diego 
are tied to future water availability from the Colorado River. Water demand for other uses, 
including the environment, recreation, and tribal water rights settlements, also continues to 
increase. Potential future increases in temperatures in the Basin, continuing and accelerating a 
trend observed over most of the Basin during the past 30 to 40 years (National Research Council, 
2007), would increase evapotranspiration from vegetation, as well as water loss due to 
evaporation from reservoirs. 

                                                      
8 Section 202 of the Colorado River Basin Project Act provides in part that “The satisfaction of the requirements of the Mexican Water Treaty, 

shall be from the waters of the Colorado River pursuant to the treaties, laws, and compacts presently relating thereto, until such time as a 
feasible plan showing the most economical means of augmenting the water supply available in the Colorado River below Lee Ferry by two and 
one-half million acre-feet shall be authorized by the Congress and is in operation as provided in this Act.” 
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How climate change and variability affect the Basin water supply has been the focus of many 
scientific studies. Climate experts expect the southwestern United States to be drier in the future 
and to experience droughts that are of greater severity than those seen in the past. Recent studies 
have postulated that the average yield of the Colorado River could be reduced by as much as 20 
percent due to climate change (Hoerling et al., 2009). Increasing demands, coupled with 
decreasing supplies, will certainly exacerbate imbalances throughout the Basin. 

Although a shortage to the Lower Division States (i.e., insufficient water available to satisfy 
annual consumptive use of 7.5 maf) has not been experienced to date, some water agencies have 
experienced shortages in water deliveries to their customers in recent years. In California, 
drought conditions, along with increased regulatory restrictions, caused the Metropolitan Water 
District of Southern California to reduce firm water deliveries to its customers in 2009 for the 
first time in nearly 20 years. The water supply allocation plan offered local water providers the 
flexibility to choose among various conservation strategies, from tiered pricing to limits on 
outdoor water use, to help ensure that demands stayed in balance with limited supplies.  In 
addition, to help meet critical water supply needs in urban areas, programs have been 
implemented to fallow land in agricultural areas and transfer the conserved water to urban areas. 
Although this has helped to meet the water needs of the urban areas, it has also reduced the food 
and fiber production from the region. 

The Upper Basin will need to develop additional water supplies in order to realize full use of its 
Colorado River Compact apportionment, but such development reduces certainty. Shortages in 
the Upper Basin are a reality today. Unlike the Lower Basin, which draws its supply from 
storage in Lake Mead, the Upper Basin is more dependent on annual streamflow to meet its 
needs.  

As of December 10, 2012, Lake Mead is at approximately 51 percent capacity, with a water 
surface elevation of approximately 1,118 feet above mean sea level (msl). If the current drought 
continued and water levels in Lake Mead fell to 1,075 feet msl, the amount of water apportioned 
for use in Arizona and Nevada would be reduced, pursuant to the Record of Decision for 
Colorado River Interim Guidelines for Lower Basin Shortages and Coordinated Operations for 
Lake Powell and Lake Mead ([2007 Interim Guidelines] (U.S. Department of the Interior [DOI], 
2007). If water levels in Lake Mead fell below 1,025 feet msl, the CAP, which delivers Colorado 
River water to the Phoenix and Tucson metropolitan areas, would have its supply cut by nearly a 
third. Under the same circumstance, the Southern Nevada Water Authority’s supplies, of which 
90 percent come from the Colorado River and serve more than 2 million people in the Las Vegas 
area, would be curtailed by 20,000 acre-feet (af) annually, nearly 7 percent of Nevada’s basic 
annual apportionment.  

Figure 2 presents the data from figure 1 as a 10-year running average to smooth out the annual 
variability so that trends are more visible. This figure clearly illustrates the existing supply and 
demand imbalance in the Basin. This imbalance will grow in the future if the potential effects of 
climate change are realized and demands continue to increase. A combination of options, 
including conservation and reuse, development of local groundwater supplies, desalination, 
augmentation, and the transfer of water from agricultural to urban uses, will likely be needed. 
The Study has assessed these and other options for resolving the projected imbalances in both the 
Upper and Lower Basins and has laid the foundation from which future discussions can occur to 
develop recommendations to sustain the environment, people, and economy of this region. 
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FIGURE 2 
Historical 10-Year Running Average Colorado River Basin Water Supply and Use 

 
Year 

Historical water use is the total use of water throughout the Basin for agricultural, M&I, and other consumptive uses including 
Mexico, plus losses due to evaporation at mainstream reservoirs and use by native and non-native vegetation. Natural flow is 
used as an estimate of water supply in the Basin. In the current natural flow record, historical inflows based on USGS gaged 
records are used as estimates of natural flow for the Paria River, Little Colorado River, Virgin River, and Bill Williams River. 
Additionally, the Gila River is not included in the natural flow record. As such, the use reported here excludes consumptive uses 
on these tributaries. See Technical Report C – Water Demand Assessment, Appendix C11 – Modeling of Lower Basin 
Tributaries in the Colorado River Simulation System for additional detail regarding the treatment of these tributaries in the Study. 
 

3.0 Basin Study Program 
The Basin Study Program is part of DOI’s WaterSMART (Sustain and Manage America's 
Resources for Tomorrow) Program9, which addresses 21st-century water supply challenges such 
as population growth, increased competition for finite water supplies, and climate change. The 
establishment of the WaterSMART Program addresses the authorities within the SECURE 
(Science and Engineering to Comprehensively Understand and Responsively Enhance) Water 
Act (Subtitle F of the Omnibus Public Land Management Act of 2009, Public Law 111-11), 
enacted into law on March 30, 2009. The SECURE Water Act provides authority for federal 
water and science agencies to work with state and local water managers to plan for climate 
change and other threats to water supplies, and take action to secure water resources for the 
communities, economies, and the ecosystems they support. 

                                                      
9 Additional information regarding this program can be found at http://www.usbr.gov/WaterSMART/. 
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In 2009, Reclamation initiated the Basin Study Program to fund comprehensive studies to define 
options for meeting future water demands in river basins in the West where imbalances in supply 
and demand exist or are projected. At that time, it was envisioned that a Basin Study would 
quantify current and future water supply and demand imbalances, assess the resulting risks to the 
basin resources, and assess options to resolve those imbalances. Since that time, the Basin Study 
Program has evolved to focus on the development and analysis of options to address water 
supply and demand imbalances. The quantification of climate impacts to supply and demand and 
the subsequent risk assessment are now conducted through an activity known as the West-wide 
Climate Risk Assessments (another activity under the WaterSMART Program) and are used to 
inform subsequent Basin studies.  

In March 2011, a report to Congress was released to respond to requirements of the SECURE 
Water Act (Reclamation, 2011a). The SECURE Report provides information on the future risks 
to water supply in the eight major Reclamation river basins, whereas the Study was a more-
detailed, Basin-wide risk assessment that focused on the development and evaluation of 
opportunities to mitigate and adapt to those risks. There are minor differences in the streamflow 
projections based on general circulation models presented in the SECURE Report compared to 
the projections presented in this report. These differences are attributable to methodological and 
reporting differences between the two efforts and are summarized in a later section of this report 
and in Technical Report B – Water Supply Assessment.  

4.0 Study Objectives and Approach 
Representatives of the seven Basin States submitted a letter of intent in February 2009, under the 
Basin Study Program, to help fund and participate in a study of the Basin. Based on that letter of 
intent, Reclamation’s Upper Colorado and Lower Colorado regions, in collaboration with the 
Basin States, developed and submitted a proposal in June 2009 to fund the Study. The proposal 
was selected for funding in September 2009, and a financial agreement between the Basin States 
and Reclamation for the Study was signed in February 2010. Reclamation entered into contracts 
with CH2M HILL (including Black & Veatch and Cardno-ENTRIX) and the RAND Corporation 
to provide technical and administrative support for the Study. 

The Plan of Study, provided in appendix 1, states that the purpose of the Study is to define 
current and future imbalances in water supply and demand in the Basin and the adjacent areas of 
the Basin States that receive Colorado River water over the next 50 years (through 2060), and to 
develop and analyze adaptation and mitigation strategies to resolve those imbalances. The Plan 
of Study lays out specific objectives to be addressed through the Study, including: 

• Characterization of the current water supply and demand imbalances in the Basin and the 
assessment of the risks to Basin resources from historical climate variability 

• Characterization of future water supply and demand imbalances under varying water supply 
and demand conditions in the Basin and the assessment of the risks to Basin resources from 
potential future impacts of climate change  
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• Identification of potential strategies and options to resolve Basin-wide water supply and 
demand imbalances, including: 

− Modifications to the operating guidelines or procedures of water supply systems 

− Modifications to existing facilities and development of new facilities 

− Modifications to existing water conservation and management programs and 
development of new programs 

− Modifications to existing water supply enhancement programs and development of new 
programs 

− Other structural and non-structural solutions 

• Identification of potential legal and regulatory constraints and analysis of potential impacts to 
water users and Basin resources for the strategies and options considered 

• Prioritization of identified strategies and options and recommendations for potential future 
actions, including feasibility studies, environmental compliance activities, demonstration 
programs, and/or implementation as appropriate 

The Study Area is defined by the hydrologic boundaries of the Basin within the United States, 
plus the adjacent areas of the Basin States that receive Colorado River water, as depicted in 
figure 3.  

The Study was conducted in four major phases: Water Supply Assessment, Water Demand 
Assessment, System Reliability Analysis, and Development and Evaluation of Options and 
Strategies for balancing supply and demand. Figure 4 illustrates these phases and some of their 
inter-relationships.  

4.1 Study Organization 
As envisioned by the Plan of Study, two co-Study managers (one from Reclamation and the other 
representing the Basin States) led and were responsible for the overall direction and management 
of the Study. In addition, the following teams were established to facilitate the completion of the 
Study. Members of the Steering, Project, and Study Teams, as well as members of the Study’s 
various technical sub-teams, are listed in Appendix 4 – Study Participants: 

• The Steering Team (one member from each of Reclamation’s Upper Colorado and Lower 
Colorado regions, one member from each of the seven Basin States, and one member from 
the Upper Colorado River Commission) steered and guided the efforts of the Project Team 
such that the objectives of the Study were met in an effective, efficient manner, and within 
the Study’s financial and time constraints. Based on requests from the Ten Tribes 
Partnership, tribal representatives were invited to participate in Steering Team meetings.  

• The Project Team (composed of personnel from the Basin States, water agencies in the Basin 
States, Reclamation’s Upper Colorado and Lower Colorado regions, and from the consulting 
entities) ensured that the tasks that relate to the Study were completed in a cost-effective, 
timely manner and were technically sound.  
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FIGURE 3 
The Study Area  
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FIGURE 4 
Study Phases and Tasks 
 

 
 
• The Study Team (composed of key personnel from the Upper Colorado and Lower Colorado 

regions and the consulting entities) completed the Study tasks. 

• Sub-teams (composed of Project Team members and representatives from other interested 
parties with expertise sought by the sub-team) were formed as needed to perform specific 
technical tasks. Sub-teams consisted of personnel from tribes, conservation organizations, 
federal agencies, and other interested stakeholder groups.  

4.2 Study Outreach  
The Study was conducted in collaboration with stakeholders throughout the Basin. Interest was 
broad and included tribes, agricultural users, purveyors of M&I water, power users, and 
conservation and recreation groups. Through outreach efforts, interested parties were informed 
about the Study and asked to provide input reflecting their concerns and thoughts about the 
future reliability of the Colorado River. This broad participation and input was critical to the 
Study’s success. Interested parties were encouraged to become involved in the Study and were 
provided a variety of options to do so. These options, which were not mutually exclusive, ranged 
from attending public meetings and informational webinars to participating directly in the 
development of work products through the Study’s technical sub-teams. The tools and the 
processes employed in outreach activities are detailed in Appendix 5 – Public Involvement Plan. 
In accordance with the Public Involvement Plan, outreach activities included: 

• Establishing a Study website to provide on-line information. The Study web page is 
http://www.usbr.gov/lc/region/programs/crbstudy.html. 

• Establishing an e-mail address to distribute information and receive input. The Study email 
address is ColoradoRiverBasinStudy@usbr.gov. 
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• Establishing a facsimile number (702–293–8418) to allow input by fax. 

• Establishing a mailing list to ensure that all interested parties receive information, 
particularly concerning the scheduling and access to public meetings. 

• Scheduling public meetings for strategic times during the Study. Six public meetings were 
conducted during the Study. 

• Holding additional meetings with interested parties during the Study period.  

More than 170 outreach events occurred during the Study, and these activities are listed in 
Appendix 6 – Outreach Activities. 

4.3 Peer Review 
A peer review of the Study was conducted to ensure that assumptions, findings, and conclusions 
of the Study were clearly stated and supported; oversights, omissions, and inconsistencies were 
identified; and limitations and uncertainties were disclosed.  The reviewers were provided with 
focused technical questions while also being directed to offer a broad evaluation of the overall 
product. 

Peer review comments were considered and incorporated into this and the Study’s Technical 
Reports where relevant and appropriate.  Appendix 7 – Peer Review Summary Report lists the 
reviewers, summarizes the comments received and what actions were undertaken to address the 
reviewers’ comments. 

In general, the peer review comments indicated that the assessments had been performed 
adequately and the analyses met the intent of the Study. Many comments dealt with the clarity of 
the discussion. To address issues of clarity, discussion was added to the reports and description 
was added to figures and tables as necessary. Study limitations (both in terms of scope and 
length) prevented the more in-depth supplemental analyses some of the peer reviewers 
suggestions. Several suggestions for additional analysis are incorporated in the next steps 
described in section 10. 

5.0 Projected Future Supply and Demand Scenarios 
The amount of water available and changes in the demand for water throughout the Basin over 
the next 50 years are highly uncertain and dependent upon a number of factors.  The potential 
impacts of future climate variability and climate change further contribute to these uncertainties.  
Nevertheless, projections of future supply and demand were needed to assess the future 
reliability of the Colorado River system to meet Basin resource needs and to identify options and 
strategies to mitigate future risks to those resources. These projections had to be sufficiently 
broad to capture the plausible ranges of uncertainty in future water supply and demand. 

5.1 Summary of Technical Report A – Scenario Development 
A scenario planning process was used to guide the development of scenarios for providing a 
broad range of projections of future water supply and demand, resulting in four scenarios related 
to future water supply and six scenarios related to future water demand. The following section 
summarizes the approach to scenario development. applied to the Study. 
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5.1.1 Objective and Approach 
Scenarios are not predictions or forecasts of the future. Rather, they are alternative views of how 
the future might unfold. Figure 5 illustrates this concept. At present, an understanding of the state 
of the Colorado River system exists as indicated by the single point labeled “Today” on the x-
axis of the figure. A range of plausible futures, represented by the funnel, can be identified. The 
suite of scenarios used in the planning effort should be sufficiently broad to span this plausible 
range of the funnel. 
FIGURE 5 
Conceptual Representation of the Uncertain Future of a System, Also Known as “The Scenario Funnel”  
Adapted from Timpe and Scheepers, 2003. 

 
 
The scenario planning process involved: 

• Identifying the key forces that would likely drive future water supply and water demand  

• Ranking the driving forces (the factors that would likely have the greatest influence on the 
future state of the system and thereby the performance of the system over time) by their 
relative importance and uncertainty  

• Using the most highly uncertain and highly important driving forces (“critical uncertainties”) 
to identify various themes and “storylines” (narrative descriptions of scenarios) to describe 
how water supply and water demand may evolve in the future  

Quantification of the storylines resulted in water supply and water demand scenarios used to 
assess future system reliability and thus inform the development of options and strategies to 
resolve imbalances between water supply and demands.  

The general steps involved in the scenario planning process as applied to a water resource 
planning study were customized to meet the needs of the Study as described in Technical Report 
A – Scenario Development. The approach included input from a broad sampling of stakeholders, 
experts, and others interested in the management of the system. This input was crucial 
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throughout the development of scenarios to ensure that the resulting scenarios represent the 
plausible range of futures in the view of those who best know the system. 

5.1.2 Summary of Results 
A list of 18 specific driving forces relevant to understanding potential future conditions was 
developed with stakeholder involvement using the general categories listed below and based on 
experience managing the Colorado River system.  

• Natural Systems 
• Demographic 
• Economic 
• Technological 
• Social 
• Governance 

Table 1 lists the driving forces and numbers that were assigned to them. The numbers were 
assigned for identification purposes only and do not imply a relative priority. 

TABLE 1 
List of Driving Forces Influencing Future Colorado River System Reliability 

No. Driving Force 

1 Changes in streamflow variability and trends 

2 Changes in climate variability and trends (e.g., temperature, precipitation) 

3 Changes in watershed conditions (e.g., diseases, species transitions) 

4 Changes in population and distribution 

5 Changes in agricultural land use (e.g., irrigated agricultural areas, crop mixes) 

6 Changes in urban land use (e.g., conversion, density, urbanization) 

7 Changes in public land use (e.g., forest practices, grazing, wilderness areas) 

8 Changes in agricultural water use efficiency 

9 Changes in M&I water use efficiency 

10 Changes in institutional and regulatory conditions (e.g., laws, regulations) 

11 Changes to organization or management structures (e.g., state, federal, bi-national institutions)  

12 Changes in water needs for energy generation (e.g., solar, oil shale, thermal, nuclear) 

13 Changes in flow-dependent ecosystem needs for Endangered Species Act-listed species 

14 Changes in other flow-dependent ecosystem needs 

15 Changes in social values affecting water use 

16 Changes in cost of energy affecting water availability and use 

17 Changes in water availability due to tribal water use and settlement of tribal water rights claims 

18 Changes in water quality, including physical, biological, and chemical processes 
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Based on these driving forces, 12 critical uncertainties were identified. Two critical uncertainties 
primarily affect the future of water supply and 10 critical uncertainties affect the future of water 
demand.  

The two critical uncertainties primarily affecting the future of water supply are (1) Changes in 
Streamflow Variability and Trends and (2) Changes in Climate Variability and Trends. A set of 
four scenarios focused around these critical uncertainties was constructed to represent a broad 
range of plausible future water supply conditionsin the Basin through the next 50 years. The 
scenarios were informed by the past, present, and projections of possible futures through 
incorporation of the paleo-reconstructed streamflow record, the observed historical streamflow 
record, and projections of streamflow using climate projections from general circulation models 
(GCMs). The four water supply scenarios and associated themes are presented below. 

The scenario development approach identified 10 critical uncertainties primarily affecting the 
future of water demand. These critical uncertainties are displayed in table 2.  

TABLE 2 
Critical Uncertainties Affecting Water Demand Scenarios 

Critical Uncertainty Identified in Survey 
General Driving 
Force Category 

Changes in Population and Distribution 
Changes in Agricultural Land Use (e.g., irrigated agricultural areas, crop mixes) 

Demographics and 
Land Use 

Changes in Agricultural Water Use Efficiency 
Changes in M&I Water Use Efficiency 
Changes in Water Needs for Energy Generation (e.g., solar, oil shale, thermal, nuclear) 

Technology and 
Economics 

Changes in Institutional and Regulatory Conditions (e.g., laws, regulations) 
Changes in Flow-dependent Ecosystem Needs for Endangered Species Act-listed Species 
Changes in Other Flow-dependent Ecosystem Needs 
Changes in Social Values Affecting Water Use 
Changes in Water Availability due to Tribal Water Use and Settlement of Tribal Water 
Rights Claims 

Social and 
Governance 

 

After aligning the associations of the critical uncertainties with the key factors of either water 
supply and demand, the scenario development process was completed based on the process 
previously described. These critical uncertainties were combined to generate four water supply 
scenarios and four water demand storylines. These storylines and their associated themes are 
described below. 

Each of the water supply scenarios was quantified and analyzed. That work, including the 
approach and key results, is documented in Technical Report B – Water Supply Assessment and 
summarized in the next section of this report. The methodology used to quantify the demand 
scenarios, as well as an assessment of historical consumptive uses and losses, are described in 
Technical Report C – Water Demand Assessment and summarized in subsequent sections of this 
report. 
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5.2 Summary of Technical Report B – Water Supply Assessment 
Four water supply scenarios were developed using the scenario planning approach previously 
described. This section summarizes the quantification of those scenarios and the resulting range 
of potential future streamflow in the Basin. 

5.2.1 Objective and Approach 
The objective of the Water Supply Assessment was to characterize and quantify the probable 
magnitude and variability of historical and future natural flows in the Basin. Natural flow 
represents the flow that would have occurred at a location had depletions and reservoir regulation 
not been present upstream of that location. The assessment included the potential effects of 
future climate variability and climate change and provides quantified projections of future 
hydrology.  

Using the scenario planning process described above and in Technical Report A – Scenario 
Development, four water supply scenarios were identified and quantified, each representing 
plausible future water supply conditions. These water supply scenarios and their associated 
themes are presented in detail in Technical Report B – Water Supply Assessment. The following 
scenarios and associated themes were considered in the Study: 

• Observed Resampled: Future hydrologic trends and variability are similar to the past 
approximately 100 years. 

• Paleo Resampled: Future hydrologic trends and variability are represented by 
reconstructions of streamflow for a much longer period in the past (nearly 1,250 years) that 
show expanded variability. 

• Paleo Conditioned: Future hydrologic trends and variability are represented by a blend of 
the wet-dry states of the longer paleo-reconstructed period (nearly 1,250 years), but 
magnitudes are more similar to the observed period (about 100 years). 

• Downscaled GCM Projected: Future climate will continue to warm, with regional 
precipitation and temperature trends represented through an ensemble of future downscaled 
GCM projections. 

Before 2004, Reclamation used the historical record of natural flow in planning studies. The 
implicit assumption was observed natural flow would be representative of future streamflow 
variability and trends. In 2004, Reclamation initiated a multi-faceted research and development 
program to develop methods beyond those using the observed record for projecting possible 
future inflow sequences for Basin planning studies. Through this effort, two additional water 
supply scenarios were developed; they have been used in previous Basin planning studies that 
assume the observed and paleo-reconstructed streamflow records are representative of future 
streamflow variability and trends. These scenarios were most recently detailed in appendix N of 
the 2007 Interim Guidelines Final EIS. The three scenarios previously used are the Observed 
Resampled, Paleo Resampled, and Paleo Conditioned scenarios.  

A resampling technique known as the Indexed Sequential Method (Ouarda et al., 1997) was 
applied to the observed and paleo-streamflow records to generate multiple sequences of future 
streamflow in the Observed Resampled (102 sequences) and Paleo Resampled (1,244 sequences) 
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scenarios. Sequences for the Paleo Conditioned scenario were generated by applying a non-
parametric technique to “blend” the observed and paleo streamflow records (1,000 sequences). 

To ensure that the water supply scenarios encompassed a sufficiently broad range of future water 
supply conditions, a fourth scenario was developed that used downscaled GCM projections, 
titled the Downscaled GCM Projected scenario.  

The Downscaled GCM Projected scenario entailed a method in which climate forcings (primarily 
temperature and precipitation) from 112 climate projections used in the Intergovernmental Panel 
on Climate Change Fourth Assessment Report (Intergovernmental Panel on Climate Change, 
2007), subsequently bias corrected and statistically downscaled (Maurer et al., 2007), were input 
to the Variable Infiltration Capacity (VIC) hydrologic model (Christensen and Lettenmaier, 
2009) to simulate streamflow. The VIC model (Liang et al., 1994, 1996; Nijssen et al., 1997) is a 
spatially distributed macro-scale hydrologic model that solves the water balance at each model 
grid cell. The VIC model was populated with the historical temperature and precipitation data to 
simulate historical hydrologic parameters (Maurer et al., 2002). Technical Report B – Water 
Supply Assessment, Appendix B4 – Variable Infiltration Capacity (VIC) Hydrologic Modeling 
Methods and Simulations provides details on the VIC model and its application in the Study. A 
streamflow bias correction method was developed and applied to the “raw” VIC-simulated flows 
to account for any systematic bias in the hydrology model and/or climate data sets. The 
Downscaled GCM Projected scenario consisted of 112 sequences of future streamflow. The 112 
climate projections comprised projections assuming three independent greenhouse gas emission 
scenarios (high, medium, and low), 16 distinct GCMs, and multiple simulations due to 
differences in starting climate system state (initial oceanic and atmospheric conditions).  

These four methods were used to develop hydrologic inputs into the Colorado River Simulation 
System (CRSS)10. CRSS is Reclamation’s primary Basin-wide simulation model used for long-
term planning studies and, in its current configuration, requires natural flow inputs at 29 
locations on a monthly time step over the Study’s planning horizon. 

5.2.2 Summary of Results 
Historical Supply 
The Study assessed historical water supply in the Basin. The assessment was composed of a 
discussion of methods followed by the results for four groups of water supply indicators: climate, 
hydrologic processes, climate teleconnections, and streamflow. Two historical streamflow data 
sets, the observed record spanning the period 1906 through 2007 and the paleo-reconstructed 
record spanning the period 762 through 2005 (Meko et al., 2007), were used to characterize 
historical streamflow patterns and variability. The following observations and conclusions were 
made: 

• There has been a warming trend in both the Upper and Lower Basins since the 1970s, which 
is consistent with observed North American and global trends.  

                                                      
10 CRSS was the primary modeling tool used in the Study. It simulates the operation of the major Colorado River system reservoirs on a monthly 

time step and provides information regarding the projected state of the system in terms of output variables. Outputs include the amount of 
water in storage, reservoir elevations, releases from the dams, hydropower generation, the amount of water flowing at various points in the 
system, the total dissolved solids content, and diversions to and return flows from the water users in the system. 
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• Widespread decreases in springtime snowpack were observed, with consistent results across 
the lower elevation northern latitudes of the western United States. Losses of snow water 
equivalent tended to be largest at low elevations and strongly suggested a temperature-related 
effect. 

• Natural inter-annual variability in streamflow tended to be more dominant than the 
relationships to either the El Niño–Southern Oscillation or the Pacific Decadal Oscillation. 
However, in 2011 and 2012, the climate was entering a strong combined cool phase of both 
El Niño–Southern Oscillation Pacific Decadal Oscillation. The alignment of both signals in 
the cool phase suggests a propensity for continued drying trends in the coming years. 

• The recent deficit (defined as the difference between the 2-year running average flow and the 
long-term mean annual flow) that started in 2000 is more severe than any other deficit in the 
observed period, at 9 years and 28 maf. 

• The period from 762 through 2005 contained deficits that were longer in duration (16 years) 
and larger (as much as 35 maf) than those in the period from 1906 through 2005. Thus, the 
wet–dry sequences from the much longer paleo record suggest that deficits of greater severity 
than the recent deficit are possible. 

In summary, the trends over the observed period and over the recent climatological regime 
suggest declining streamflows, increases in variability, and seasonal shifts in streamflow that 
may be related to warming. The paleo reconstruction indicates a slightly lower mean inflow than 
the observed record. The paleo reconstruction also suggests that annual and inter-annual flows 
have been more variable in terms of both wet and dry sequences than the observed record period. 
Deficits of longer duration and greater magnitude can be expected based on the paleo record, 
although the paleo record shows that past deficits were not significantly more intense than the 
observed record. 

Future Projected Supply 
The Observed Resampled, Paleo Resampled, and Paleo Conditioned methods did not consider 
the impacts of a changing climate beyond what has occurred historically. Therefore, the key 
findings related to projected changes in temperature, precipitation, snowpack, and runoff over 
the next 50 years that may be expected under the Downscaled GCM Projected scenario in 
particular are presented below. These findings are based on the assessment described in 
Technical Report B – Water Supply Assessment. 

• Warming is projected to increase across the Basin, with the largest changes in spring and 
summer and with larger changes in the Upper Basin than in the Lower Basin. Annual Basin-
wide average temperature increases are projected to be approximately 1.3 and 2.4 degrees 
Celsius over the periods 2011 through 2040 and 2041 through 2070, respectively. Increases 
are measured relative to the 30-year historical period of 1971 through 2000. 

• Precipitation patterns continue to be spatially and temporally complex, but projected seasonal 
trends toward drying are significant in certain regions. A general trend towards drying is 
present in the Basin, although increases in precipitation are projected for some higher 
elevation and hydrologically productive regions. Consistent and expansive drying conditions 
are projected for the spring throughout the Basin. For much of the Basin, drying conditions 
are also projected in the summer, although some areas of the Lower Basin are projected to 
experience slight increases in precipitation, which may be attributed to the monsoonal 
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influence in this region. Upper Basin precipitation is projected to increase in the fall and 
winter and the Lower Basin is projected to experience decreases. 

• Snowpack is projected to decrease as more precipitation falls as rain rather than snow and 
warmer temperatures cause an earlier melt. Decreased snowpack in the fall and early winter 
is projected in areas where precipitation does not change or increases, and is caused by more 
rain and less snow due to warming. Substantial decreases in spring snowpack are projected to 
be widespread, due to earlier melt or sublimation of snowpack. 

• Runoff (both direct and baseflow) is spatially diverse, but is generally projected to decrease, 
except in the northern Rockies. As with precipitation, runoff is projected to increase 
significantly in the higher elevation Upper Basin during winter, but is projected to decrease 
during spring and summer. 

Future Colorado River flows were developed for all water supply scenarios. Figure 6 shows the 
range of annual flows for the Colorado River at Lees Ferry for each of the scenarios over the 
Study period.  

The long term (2011–2060) mean natural flow for the Colorado River at Lees Ferry over the next 
50 years ranged from 14.7 to 15.0 maf for the Observed Resampled, Paleo Resampled, and Paleo 
Conditioned scenarios. The Downscaled GCM Projected scenario resulted in mean annual flows 
of approximately 13.7 maf, an 8.7 percent reduction from the observed mean. The range of mean 
flows was greatest under the Downscaled GCM Projected scenario, with the inter-quartile range 
spanning roughly 12.6 to 14.9 maf and the minimum/maximum range covering 10 to 17 maf.  

A skew of zero implies a normal distribution, in which wetter years and magnitudes are evenly 
balanced with drier years. Most scenarios had a positive skew, suggesting a bias to the drier side 
of the distribution. This was particularly noticeable in the Downscaled GCM Projected scenario. 

The minimum annual flows were fairly consistent across the scenarios, with the Paleo 
Resampled scenario exhibiting the most extreme low-flow condition. The Downscaled GCM 
Projected scenario exhibited a range of maximum annual flows not seen in any of the other 
scenarios.  

Table 3 presents a comparison of several key streamflow statistics for each scenario. The 
statistics are grouped by annual, monthly, deficit, and surplus period statistics. For the purpose of 
the Study, deficit and surplus periods occur whenever the running 2-year average flow falls 
below (deficit) or above (surplus) 15.0 maf, the observed mean. Deficit and surplus period 
statistics indicate the range of inter-annual variability of streamflow across the scenarios. 

In comparison to the Observed Resampled scenario, the other scenarios exhibited a substantial 
increase in inter-annual variability, both in sustained deficits and surpluses. The maximum length 
of sustained deficit in the Observed Resampled scenario was 8 years, whereas the maximum 
sustained surplus was 7 years. The Paleo Resampled, Paleo Conditioned, and Downscaled GCM 
Projected scenarios all produced deficit and surplus periods that were much longer. The 
frequency of deficit spells that were 5 years or longer was also higher under these scenarios, with 
the Downscaled GCM Projected scenarios exhibiting a likelihood of almost 50 percent over the 
next 50 years. However, the frequency of surplus spells that were 5 years or longer was highest 
under the Observed Resampled scenario.  
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FIGURE 6 
Summary Statistics for Annual Colorado River at Lees Ferry Natural Flows for Supply Scenarios 
Figure shows the median (dash), 25th–75th percentile band (box), and maximum/minimum (line). 
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TABLE 3 
Summary of Key Streamflow Statistics for Each Water Supply Scenario 

 

Statistic1 

Scenario 
Observed 

Resampled 
Paleo 

Resampled 
Paleo 

Conditioned 
Downscaled 

GCM Projected 

Annual (Water 
Year) 

Average Annual Flow (maf) 15.0 14.7 14.9 13.7 
Percent Change from Long-term Mean (1906–2007) 0% -2% -1% -8.7% 
Median (maf) 15.0 14.7 15.0 13.6 
25th Percentile (maf) 14.5 14.3 14.2 12.6 
75th Percentile (maf) 15.5 15.0 15.6 14.9 
Minimum Year Flow (maf) 5.6 2.3 5.6 4.2 
Maximum Year Flow (maf) 25.2 24.3 25.2 44.3 

Monthly Peak Month June June June June 
Peak Month Mean Flow (thousand acre-feet [kaf]) 4,007 3,914 4,000 3,393 
Peak Month Maximum Flow (kaf) 8,467 8,531 8,678 14,693 
Month at Which Half of Annual Flow (Water Year) was Exceeded June June June June 

Deficit Periods2 Maximum Deficit (maf) 28.2 38.4 98.5 246.1 
Maximum Spell Length (years) 8 17 24 50 
Intensity (Deficit/Length) (mafy) 3.5 2.3 4.1 7.4 
Frequency of 5+ Year Spell Length (percent) 22% 30% 25% 48% 
Maximum 8-year Deficit (longest in 1906–2007 observed record, maf) 28.2 29.8 50 48.6 

Surplus Periods3 Maximum Surplus (maf) 22.2 36.2 88 74.7 
Maximum Spell Length (years) 7 15 25 19 
Intensity (Surplus/Length) (mafy) 3.2 2.4 3.5 13.2 
Frequency of 5+ Year Spell Length (percent) 28% 15% 18% <1% 
Maximum 7-year Surplus (longest in 1906–2007 observed record, maf) 22.2 29.2 44 39.2 

 

1 Statistics are computed over the Study period, 2011–2060. 
2 A deficit period occurs whenever the running 2-year average flow is below the observed mean from 1906–2007 of 15.0 maf. 
3 A surplus period occurs whenever the running 2-year average flow is above the observed mean from 1906–2007 of 15.0 maf. 
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The results suggest that under sequences in the Downscaled GCM Projected scenario, sustained 
periods of dryness may occur (deficit lengths of up to 50 years). Most projections resulted in 
long-term mean annual flows that were less than the 15 maf observed mean, while other 
projections resulted in long-term mean annual flows that were greater than the 15 maf observed 
mean. The future projected climate essentially arrived at a new mean state.  

The processes in which GCM projections were used to generate projections of future streamflow 
contained a number of areas of uncertainty and reflected methodological choices made in the 
Study. For example, different methodological choices with respect to downscaling techniques, as 
well as selection of a different hydrologic model used to translate GCM output into streamflow, 
yielded different results.  

There are some minor methodological differences in the technical approach to develop 
streamflow projections informed by GCMs and the analysis of those projections between the 
results presented here and those presented in the SECURE Report. The methodological 
differences consist primarily of the application of a secondary bias correction to the results 
presented here. Reporting differences are due to the selection of baseline conditions for 
comparison and the future analysis period. Specifically, the SECURE Report computed future 
decadal changes from a 1991 through 2000 baseline condition, whereas the change statistics 
reported here were computed between the observed record and the Study period of 2011 through 
2060. Therefore, results of the Study and those in the SECURE Report are not identical. 

5.3 Summary of Technical Report C – Water Demand Assessment 
Four water demand storylines were developed using the scenario planning approach previously 
described. This section summarizes the quantification of the six scenarios resulting from those 
storylines and the resulting range of potential future demand in the Basin. 

5.3.1 Objective and Approach 
The Water Demand Assessment examined the quantity and location of current and future water 
demands in the Study Area. These water demands were derived from Basin resource needs, 
including M&I use, hydropower generation, recreation, and fish and wildlife habitat. In addition, 
losses in the Study Area from evaporation and other factors were assessed. Because future water 
supply and demand throughout the Basin are uncertain, scenarios were developed that are 
sufficiently broad to span that uncertainty, including the potential effects of future climate 
change.  

Future demands are a function of socioeconomic parameters such as future population, irrigated 
land area, M&I and agricultural water use efficiency, tribal water use, energy production growth 
and associated water use, and others. Through the scenario planning process applied in the 
Study, the most critical uncertainties affecting future demand were identified, and a range of 
future demand scenarios was envisioned. Narrative descriptions of these scenarios (storylines) 
were developed and provide a rational basis for consideration of a wide array of future 
conditions. These storylines and their associated themes are: 

• Current Projected (A): Growth, development patterns, and institutions continue along recent 
trends 

• Slow Growth (B): Slow growth with emphasis on economic efficiency 
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• Rapid Growth (C1 and C2): Economic resurgence (population and energy) and current 
preferences toward human and environmental values  

• Enhanced Environment (D1 and D2): Expanded environmental awareness and stewardship 
with growing economy 

Under the storylines, two logical branches or directions were considered for the Rapid Growth 
(slower technology adoption—C1 and rapid technology adoption and increase in social values—
C2) and Enhanced Environment (current growth trend—D1 and higher growth and technology—
D2) scenarios. For example, population growth or increasing energy needs and subsequent water 
demand could be offset by associated technological innovations influencing water use. The four 
storylines, two with branches, resulted in six water demand scenarios. Complete narrative 
descriptions of the scenarios (storylines) are presented in Technical Report C – Water Demand 
Assessment, Appendix C14 – Water Demand Scenario Storylines. 

The process to develop the critical uncertainties and demand storylines, and quantify scenarios, 
engaged a wide array of stakeholders and reflects a broad range of plausible conditions 
considering differing views of the future. In order to establish a solid foundation relating to 
methods and assumptions for quantifying future demands, the Study focused initial efforts on 
quantifying the Current Projected (A) scenario. The Current Projected (A) scenario provided the 
basis for consideration of departures from these assumptions, leading to the quantification of the 
Slow Growth, Rapid Growth, and Enhanced Environment demand scenarios. Each of the 
scenarios was quantified through significant input from the Basin States, with additional input 
provided by tribes, U.S. Fish and Wildlife Service personnel, and conservation organizations. 
Demand for each scenario was quantified by estimating values for individual parameters (such as 
population, irrigated acreage, water use efficiencies) associated with storylines and specific 
scenario assumptions.  

Table 4 presents the demand categories, their definitions, and associated parameters collected or 
developed for the Study. As part of the scenario quantification process, general relationships 
were used to relate the expected changes in parameters for each scenario in comparison to the 
Current Projected (A) scenario consistent with each storyline.  

Future demands may be affected by climate change, primarily changes in ambient temperature 
and the amount and distribution of precipitation. As such, the possible effects of changing 
temperature and precipitation on evapotranspiration, which may affect agriculture and outdoor 
M&I demand, and effects on phreatophyte and reservoir evaporation losses were also assessed in 
the Study. The potential impacts to evapotranspiration rates affecting agricultural demand were 
assessed using the Penman-Moteith method to estimate potential evapotranspiration (PET) under 
varying climatic conditions.  
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TABLE 4 
Definition of Demand Categories and Their Associated Parameters  

Demand Category Definition Parameters 

Agriculture 
Water used to meet irrigation requirements of 
agricultural crops, maintain stock ponds, and 
sustain livestock 

Irrigated acreage, irrigation efficiency 

M&I Water used to meet urban and rural population 
needs, and industrial needs within urban areas 

Population, population distribution, M&I 
water use efficiency, consumptive use 
factor 

Energy Water used for energy services and 
development Water needs for energy generation 

Minerals Water used for mineral extraction not related to 
energy services  Water needs for mineral extraction 

Fish, Wildlife, 
Recreation1 

Water used to meet National Wildlife Refuge, 
National Recreation Area, state park, and off-
stream wetland habitat needs 

Institutional and regulatory conditions, 
social values affecting water use, 
Endangered Species Act-listed species 
needs, and ecosystem needs 

Tribal Water used to meet tribal needs and settlement 
of tribal water rights claims Tribal use, settlements, and claims 

1 This demand category represents the consumptive use portion of demand. Non-consumptive demands are considered in metrics, 
see Technical Report D – System Reliability Metrics. 
 

5.3.2 Summary of Results 
Historical Consumptive Use 
Figures 7 and 8 present the range of historical Colorado River water consumptive use and loss 
compiled by basin and category. This information was compiled from Reclamation’s Colorado 
River System Consumptive Uses and Losses Reports (CU&L Reports11), Reclamation’s 
Colorado River Accounting and Water Use Reports12, and additional input from the Basin States. 
The categories of consumptive uses and losses presented consist of the following: agriculture; 
M&I; energy; minerals; fish, wildlife, and recreation; exports; reservoir evaporation; and other 
losses.  

There are data and methodological inconsistencies in the CU&L Reports with respect to the 
Lower Basin tributaries (the Little Colorado, Virgin, Bill Williams and Gila rivers). These 
inconsistencies are primarily the result of changing methodologies between the 5-year reporting 
periods. Similar inconsistencies were found in these reports with respect to the Upper Basin until 
Reclamation undertook a multi-year effort to resolve them. This effort has not occurred for the 
Lower Basin tributaries, and the quality of information has suffered. Independent of the Study, 
Reclamation will engage in efforts to resolve and correct, in collaboration with the Basin States, 
the methodological and data inconsistencies in the CU&L Reports pertaining to all of the Lower 
Basin tributaries. Refer to Technical Report C – Water Demand Assessment, Appendix C11 – 

                                                      
11 Some states produce independent estimates of consumptive uses and losses. For consistency, the analysis of historical consumptive uses and 

losses in the Study was based on Reclamation’s CU&L Reports, available at http://www.usbr.gov/uc/library/envdocs/reports/crs/crsul.html. 
12 http://www.usbr.gov/lc/region/g4000/wtracct.html. 
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Modeling of Lower Basin Tributaries in the Colorado River Simulation System, for a description 
of these issues and commitments. 

Consumptive uses and losses in the Basin increased from 1971 to the start of the drought that 
began in 2000. The information presented in figure 7 indicates that from 1971 through 1999, 
Basin-wide consumptive uses and losses (including deliveries to Mexico pursuant to the 1944 
Treaty13) have grown from approximately 13 maf in 1971 to 16 maf in 1999, an increase of 
about 23 percent. Over the same period, Upper Basin uses have grown from approximately 
3.0 maf in 1971 to 3.3 maf in 1999, an increase of about 10 percent. Lower Basin uses have 
grown from approximately 6.6 maf in 1971 to 8.0 maf14 in 1999, an increase of about 21 percent.  
 

FIGURE 7 
Historical Colorado River Water Consumptive Use1 by Basin,2 Delivery to Mexico, Reservoir Evaporation, and Other Losses,3 
1971–2008 

 
1 Excluding consumptive use in Lower Basin tributaries. 
2 Uses in the Lower Division States greater than 7.5 maf occur during Surplus Conditions. 
3 Phreatophyte and operational inefficiency losses. 

   

                                                      
13 Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande, Treaty between the United States and Mexico, 1944. 
14 Uses in the Lower Division States greater than 7.5 maf occur during Surplus Conditions. 
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FIGURE 8 
Historical Colorado River Water Consumptive Use1 by Use Category,2 Delivery to Mexico, Reservoir Evaporation, and Other 
Losses,3 1971–2010 

 
1 Excluding consumptive use in Lower Basin tributaries. 
2 Reservoir evaporation losses are accounted differently in the Upper and Lower Basin. In the Upper Basin, reservoir evaporation 

losses are accounted as part of each state’s total uses. In the Lower Basin, reservoir evaporation losses are accounted 
separately from each state’s uses. Reservoir evaporation losses from Upper and Lower Basin reservoirs have been aggregated 
for this presentation. 

3 Phreatophyte and operational inefficiency losses. 

 

Agricultural and M&I uses have grown over this period, as have reservoir evaporation losses. As 
shown in figure 8, agricultural uses have grown from approximately 7.7 maf in 1971 to 8 maf in 
1999, an increase of about 4 percent. M&I uses have grown from approximately 1.4 maf in 1971 
to 2.2 maf in 1999, an increase of about 57 percent. Reservoir evaporation losses have grown 
from 1.7 maf in 1971 to 2.3 maf in 1999, an increase of 35 percent. 

In the assessment of the possible impacts to agricultural demands due to changes in precipitation 
and temperature, agricultural water demands are assumed to increase by approximately 5 percent 
for each Celsius degree increase in temperature, and by approximately 1 percent for each 5 
percent reduction in precipitation. 

Future Projected Demand 
The quantification of the Current Projected (A) scenario was used as a starting point for the 
quantification of the remaining scenarios. Historical consumptive use and loss information was 
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used in conjunction with future planning data (e.g., land use, policy, population growth, 
economic conditions) to inform the development of future projected demand. Although current 
projections are not direct mathematical projections of historical data, the Current Projected (A) 
scenario in particular relies on knowledge of the historical consumptive uses and losses, as 
described above, as well as planning data and expertise to estimate future trends in water 
demands. General relationships were used to relate the expected changes in parameters for each 
scenario in comparison to the Current Projected (A) scenario consistent with each storyline. 
These are shown conceptually in table 5. 

Table 6 presents summary results for the demand scenarios considered in the Study. The table 
presents agricultural and M&I demand parameters for the Study Area, which distinguishes the 
scenarios, the resulting Study Area demand, and finally the Colorado River demand by category. 
Colorado River demand is defined as Study Area demand less the demand projected to be 
supplied by other sources. The Study and the results presented in this report focus on the 
resulting Colorado River demand.  

The Study Area demand ranges between 28.7 and 32.5 maf by 2060, with Colorado River 
demand15 ranging between 13.8 and 16.2 maf. Some of the increase in Study Area demand is 
projected to be met through increases in other supplies, primarily in Colorado and California. 
The increase in Colorado River demand from 2015 through 2060 is estimated to be between 
1.1 and 3.4 maf, with the Lower Basin making up about 60 percent of the increase. Of the total 
increase in Colorado River demand, for the growing categories, between 64 and 76 percent of the 
growth is contributed by the M&I demand category. The growth in energy, tribal, and mineral 
categories constitutes the remaining increase in demand.  

Relative to water use across sectors, Study Area comparisons reflect differing levels of and 
interplay among changing societal values, economic drivers, and various types of resource 
constraints. An exception to this comparison is with respect to tribal demands. It was determined 
during the quantification process that the factors affecting tribal demands are not particularly 
well-represented by the driving force categories established by the Study. For the most part, 
tribal demands are based on quantified rights in Current Projected (A), Slow Growth (B), and 
Enhanced Environment (D1) scenarios, but consider additional demands beyond current 
settlements in the Rapid Growth (C1 and C2) and Enhanced Environment (D2) scenarios. 
Additionally, it is important to recognize that the quantification of water supply and demand 
scenarios may compare differently at state and individual planning area levels. State level 
demands generally follow broad identifiable trends, whereas individual planning areas consider 
locally relevant information, plans, timelines, and constraints. 

 

 

                                                      
15 Mexico’s allotment and losses such as reservoir evaporation, phreatophyte losses, and operational inefficiencies are not part of this total. 

These factors were included in the modeling supporting the system reliability analysis. 
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TABLE 5 
Scenario Matrix of Typical Changes in Parameters Defined by the Water Demand Storylines 
(In general, these represent parameter change from 2015, with growth as a blue “up” arrow, no change as a yellow bar, or reduction as a green 
“down” arrow. The size of the arrow represents larger or smaller change for a given parameter.)  

 
1 Self-served industrial (SSI) demand represents the demand of industries in a given area that have water supply systems independent of municipal systems. 
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TABLE 6 
Summary Results of Water Demand Scenario Quantification by 2060 

Parameter 2015 
2060 Scenario Parameters 

A B C1 C2 D1 D2 

Key Study Area Demand Scenario Parameters 

Population (millions) 38.9–41.1 62.4 49.3 76.5 76.5 62.4 76.5 

Change in per capita water usage (%), 
from 2015 – -9% -7% -9% -16% -19% -17% 

Irrigated acreage (millions of acres) 5.4–5.5 5.1 5.2 4.6 4.6 5.0 5.0 

Change in per-acre water delivery (%), 
from 20151 – +1% +2% +1% +3% 0% +3% 

Study Area Demand (maf) 

Agricultural Demand 16.4–16.7 15.2 15.7 13.7 13.8 14.9 14.9 

M&I Demand 8.4–8.8 12.5 10.2 15.1 13.9 11.0 13.7 

Energy Demand 0.34–0.63 0.66 0.57 1.01 0.58 0.51 0.56 

Minerals Demand 0.1–0.11 0.18 0.18 0.22 0.15 0.15 0.15 

Fish, Wildlife, and Recreation Demand 0.16–0.23 0.08 0.08 0.08 0.10 0.16 0.16 

Tribal Demand2 1.6–1.8 2.0 2.0 2.4 2.4 2.0 2.4 

Total Study Area Demand3 27.3–27.8 30.6 28.7 32.5 30.9 28.7 31.9 

Colorado River Demand (maf) 

Agricultural Demand 7.1–7.2 6.7 6.8 6.6 6.7 6.6 6.8 

M&I Demand 3.4–3.5 5.1 4.5 6.2 5.2 4.8 5.4 

Energy Demand 0.21–0.23 0.44 0.38 0.74 0.37 0.34 0.35 

Minerals Demand 0.09–0.11 0.17 0.18 0.21 0.14 0.14 0.14 

Fish, Wildlife, and Recreation Demand 0.15–0.21 0.06 0.07 0.06 0.08 0.15 0.15 

Tribal Demand2 1.5–1.7 2.0 1.9 2.4 2.4 2.0 2.4 

Total Colorado River Demand3 12.6–12.8 14.5 13.8 16.2 15.0 14.0 15.2 
1 Does not include reductions associated with conservation and efficiency programs such as those in Imperial Irrigation District that 

are part of transfer and acquisition agreements. 
2 Tribal demand within the state of Colorado was included in other demand categories. 
3 Excludes Mexico’s allotment and losses (reservoir evaporation, phreatophytes, and operational inefficiencies). These factors were 

included in the modeling supporting the system reliability analysis. 

The Colorado River demand at three geographic levels is presented in figures 9 and 10. These 
figures show Study Area, Upper and Lower Basin, and individual state demand across all 
scenarios. The bars at the right in these figures show the relative contribution of each demand 
category to the total Colorado River demand at a point in time (2015, 2035, or 2060) in the 
Current Projected (A) scenario. In general, the category proportions remain relatively consistent 
across the scenarios. For the purposes of the Study, demand was not limited by the Law of the 
River apportionments. In this way, the demand for Colorado River and tributary water can be 
assessed in the context of overall Study Area demand and supplies available from other sources. 
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As shown in figure 9, the change in both magnitude and percentage of Colorado River demand 
varies considerably across the states. Colorado and Arizona show the greatest magnitude of 
overall growth in Colorado River demand from 2015 through 2060 across the scenarios, ranging 
between about 0.2 and 1.2 maf of increased demand by 2060 in Arizona and 0.04 and 0.64 maf 
in Colorado.  

The broad demand range across scenarios in these states is due to substantial growth in M&I 
demand, particularly in central Arizona and the Front Range of Colorado. Increase in tribal 
demand is also a significant contributor to the increases in Arizona. Demand in Nevada and 
California is projected to increase by about 0.2 to 0.35 maf, due to population growth in Nevada 
and California (with supply currently limited by Colorado River Aqueduct capacity). Demand in 
New Mexico, Utah, and Wyoming grows by about 0.1 to 0.2 maf under most scenarios. Under 
the Rapid Growth (C1 and C2) scenarios, however, the growth is about 0.3 maf in Utah, where 
population is projected to increase by nearly 4 million and per capita water use reductions do not 
fully offset the rapid growth.  

When demand by category is examined in figure 10, the contribution of demand by category 
across the Upper and Lower Basins vary, with nearly equal agricultural and M&I demand in the 
Lower Basin and nearly two-thirds of the demand in the Upper Basin from agriculture. The 
category contribution to the total demand varies considerably across states as well, with no two 
states having comparable proportions of categories.  

Tribes hold quantified rights to a significant amount of water from the Colorado River and its 
tributaries (approximately 2.9 maf of annual diversion rights). In many cases, these rights are 
senior to other uses. Therefore, representing these rights and the associated demand is a critical 
component of assessing future water demand in the Basin. An additional component of future 
demand is an assessment of demands by tribes that have unquantified rights or claims. Where 
this information was provided by tribes, it was incorporated into the Study as appropriate.  

Throughout the Study, Reclamation met with tribes in the Upper Basin, Lower Colorado River 
mainstem, and tribes served by water provided (directly or pursuant to exchanges) through the 
CAP facilities under contracts between tribes and the United States. In addition, Reclamation 
worked with the Ten Tribes Partnership, whose members have landholdings in the Upper and 
Lower Basins through which the Colorado River and various tributaries flow, as well as the Inter 
Tribal Council of Arizona, whose members are the governments of 20 tribes with land in 
Arizona. Based on this input, tribal demand, under all scenarios for all states (with the exception 
of Colorado, where tribal demand was not separated from other demands within the state, as 
requested by the tribes) met or surpassed the quantified tribal right by 2060. Refer to Technical 
Report C – Water Demand Assessment, Appendix C9 – Tribal Water Demand Scenario 
Quantification for details of quantified rights and future projected demands by tribe. 
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FIGURE 9 
Colorado River Water Demand1,2 

 
1 Demands do not include Mexico’s allotment and losses such as reservoir evaporation. These factors were included in the 

modeling supporting the system reliability analysis. 
2 Tribal demand in Colorado, at the request of the Southern Ute Indian and Ute Mountain Ute tribes, was not separated from other 

categories in the state.   
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FIGURE 10 
Colorado River Water Demand by Category1,2 

  
1 Demands do not include Mexico’s allotment and losses such as reservoir evaporation. These factors were included in the 

modeling supporting the system reliability analysis. 
2 Tribal demand in Colorado, at the request of the Southern Ute Indian and Ute Mountain Ute tribes, was not separated from other 

categories in the state.  
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Projected Effect of a Changing Climate on Future Demands 
Future demands may be affected by a changing climate, primarily due to changes in ambient 
temperature and the amount and distribution of precipitation. The Study addressed possible 
effects of changing temperature and precipitation on evapotranspiration, which affects 
agriculture and outdoor M&I demand, and phreatophyte and reservoir evaporation losses. 
Possible changes in demand related to climate change not evaluated in the Study are changes in 
water demand for energy production, changes to environmental flow requirements associated 
with increasing ambient temperature, and changes in crop type. 

As part of the hydrologic modeling for the Study, and to be consistent between the calculations 
used to generate water supply scenarios, a physically based method, Penman-Monteith, as 
implemented in the VIC model, was proposed to adjust agricultural, outdoor M&I demands, 
phreatophyte losses, and reservoir evaporation rates due to climate change. Details on the 
methods used to construct the climate index factors for adjusting demands and losses under 
climate change are provided in Technical Report C – Water Demand Assessment, Appendix C15 
– Climate Change Effects on Water Demand and Losses. The mean change in evapotranspirative 
demand is on the order of 4 percent by 2060, compared to demands without changes in climate. 
A total demand increase of more than 500 kaf per year by 2060 is estimated considering potential 
effects of climate change. These changes will evolve over time with a warming climate, and 
could be higher or lower depending on the climate projection, but the magnitude of the climate 
impact to demands is expected to be substantial.  
 

FIGURE 11 
Current Projected (A) Scenario Demands Adjusted for Possible Future Climate Change 
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Figure 11 presents the factors as applied to the Current Projected (A) scenario demands 
excluding Mexico’s allotment, reservoir evaporation,16 and other losses.17  The thick black line 
represents projected demand under current climate; the thick red line represents the average 
annual demand as adjusted for the climate change scenarios and the other lines represent 
individual projections of future climate.  

 

6.0 Projected Future Supply and Demand Imbalances and 
System Reliability Metrics 

Using the projections of future water supply and demand identified through the scenario 
development and quantification process, the range of the projected total future supply and 
demand in the Basin is shown conceptually in figure 12. Although a range of future imbalances 
is plausible, when comparing the median of water supply projections to the median of the water 
demand projections, the long-term imbalance in future supply and demand is projected to be 
about 3.2 maf by 2060. 

 
FIGURE 12 
Historical Supply and Use1 and Projected Future Colorado River Basin Water Supply and Demand1 

 1 Water use and demand include Mexico’s allotment and losses such as those due to reservoir evaporation, native vegetation, and 
operational inefficiencies. 

                                                      
16 Climate change effects on reservoir evaporation are adjusted dynamically through CRSS simulations. 
17 Phreatophytes are included in the “other losses” category. Losses due to phreatophytes are adjusted for climate change using similar methods 

as those proposed for agricultural irrigation. 
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It is important to recognize two points concerning this result. First, the 3.2 maf imbalance is 
based on the median imbalance for a particular year and can either be more or less from year to 
year under any one of the projections. Second, single-year imbalances of this magnitude have 
occurred several times in the past. Although there have been shortages in supply in Upper Basin 
tributaries, Colorado River deliveries of basic apportionments in the Lower Basin have been 
made with 100 percent reliability, primarily as a result of the ability to capture water in system 
reservoirs during high-flow years and to deliver that water during low-flow years. The system 
reliability analysis entailed simulating the operation of the system, including the effects to 
reservoir storage, and provides detailed information regarding the specific timing and magnitude 
of potential imbalances and how the Basin resources may be affected. System reliability metrics, 
summarized in the following section, are measures that indicate these impacts.  

6.1 Summary of Technical Report D – System Reliability Metrics 
System reliability metrics are measures that indicate the ability of the Colorado River system to 
meet Basin resource needs under multiple future conditions. These metrics were used to measure 
the potential impacts to Basin resources from future supply and demand imbalances and to 
measure the effectiveness of options and strategies to address those imbalances.  

6.1.1 Objective and Approach 
A seven-step process was adopted to develop the metrics used in the system reliability analysis. 
This process is detailed in Technical Report D – System Reliability Metrics, particularly 
figure D-1. The process for developing system reliability metrics began with the identification of 
resource categories. Based on the Plan of Study (see appendix 1) and working closely with 
stakeholders through the Metrics Sub-Team, six resource categories were identified. Following 
the identification of the resource categories, several attributes of interest associated with each 
resource category were identified.  

6.1.2  Summary of Results  
Table 7 presents the six resource categories and corresponding attributes of interest. To further 
define system reliability metrics associated with attributes of interest, locations in the Basin were 
selected where metrics could offer information about the performance of the system. Metrics 
were evaluated in either a quantitative or qualitative fashion. A metric was evaluated 
quantitatively if: (a) direct evaluation was possible using output from CRSS or results from post-
processing of CRSS output data, or (b) an indirect indicator of the attribute of interest at the 
specified location could be developed, based on output from CRSS or post-processing of CRSS 
output data. 

The ability to assess impacts to Basin resources was limited by the spatial and temporal detail of 
CRSS. In these cases, system reliability metrics were either assessed in a qualitative manner or, 
where time and resources permitted, additional analysis was conducted to result in a quantitative 
assessment. The map in figure 13 displays the Study Area and denotes the locations of the 
metrics that were defined. The locations of the water deliveries metrics were not included 
because there were more than 200 locations throughout the Study Area, though the primary 
locations used in the system reliability analysis were deliveries to the Upper and Lower Basins. 
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TABLE 7 
Resource Categories and Attributes of Interest 

Resource Category Attribute of Interest 

Water Deliveries ● Consumptive Uses and Shortages 
● Water Levels Related to Intake Facilities 
● Socioeconomic Impacts Related to Shortages 

Electrical Power Resources ● Electrical Power Generated 
● Economic Value of Electrical Power Generated 
● Available Generation Capacity 
● Impact on Power Rates 

Water Quality ● Salinity 
● Sediment Transport 
● Temperature 
● Other Water Quality Attributes 
● Socioeconomic Impacts Related to Salinity 

Flood Control ● Flood Control Releases and Reservoir Spills 
● Critical River Stages with Flooding Risk 

Recreational Resources ● Shoreline Public Use Facilities 
● River and Whitewater Boating 
● Other Recreational Attributes 
● Socioeconomic Impacts Related to Recreation 

Ecological Resources ● Threatened and Endangered Species 
● Aquatic and Riparian Habitats 
● Wildlife Refuges and Fish Hatcheries 

 

7.0 Options and Strategies to Resolve Supply and Demand 
Imbalances 

In November 2011, the Study began its fourth and final phase: Development of Options and 
Strategies to balance supply and demand. From November 2011 through February 2012, input 
was solicited from Study participants, interested stakeholders, and the general public on options 
and strategies for helping to resolve future water supply and demand imbalances in the Basin. 
Over this period over 150 options were submitted to the Study. 

This section describes the options that were received, the evaluation of those options, and the 
development of portfolios or packages of options that reflect different strategies for resolving 
future imbalances.  
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FIGURE 13 
Study Area with Locations of Defined Metrics 
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7.1 Summary of Technical Report E – Approach to Develop and Evaluate 
Options and Strategies  

The approach toward developing and evaluating options and strategies to balance future supply 
and demand is described in Technical Report E – Approach to Develop and Evaluate Options 
and Strategies. The overall approach follows the assessment of plausible future water supply and 
demand scenarios described in Technical Reports A, B, and C, and the identification of system 
reliability metrics described in Technical Report D. The following steps were undertaken in this 
approach: 

• Evaluation of system reliability without options and strategies 

• Characterization of system vulnerabilities 

• Identification and characterization of options 

• Development of portfolios of options 

• Evaluation of system reliability with options and strategies 
This approach consisted of a structured process for evaluating system reliability across the range 
of resources metrics, identifying options that could improve the reliability, development of 
combinations of options based on particular response strategies (portfolios), and evaluation of 
the improved system reliability with the application of these portfolios. The steps involving the 
evaluation of system reliability and vulnerability analysis are further outlined in Technical 
Report G – System Reliability Analysis and Evaluation of Options and Strategies. The steps 
involving the identification and characterization of options and the development of portfolios are 
described in Technical Report F – Development of Options and Strategies. 

7.2 Summary of Technical Report F – Development of Options and Strategies 
The general approach for the development of options and strategies involved the following steps: 
(1) soliciting input on options for consideration in order to examine a broad range of potential 
options, (2) organizing options into common types, (3) developing representative options from 
the pool of submitted options, (4) characterizing options using a set of 17 criteria that reflected a 
broad set of attributes of interest, and (5) developing portfolios that represent potential strategies 
to address future supply and demand imbalances. Details of the process and results for each of 
the steps are described in Technical Report F – Development of Options and Strategies and 
summarized below. 

7.2.1 Summary of Options Received 
Options received were organized into four types: (1) those increasing Basin water supply, (2) 
those reducing Basin water demand, (3) those modifying operations, and (4) those focusing on 
Basin governance and implementation. 

A total of 55 options were submitted related to increasing supply, 42 options related to reducing 
demand, 22 options related to modifying operations, and 41 options related to governance and 
implementation. The percentage of options in each type is shown in the chart in figure 14.  
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FIGURE 14 
Distribution of Options Received  

 

Within each of the four option types, categories of options, such as importation, desalination, and 
M&I conservation, etc. were developed. Each submitted option was assigned to one category 
based on its primary function. From these option categories, about 40 unique representative 
options were described to capture the range of options submitted to and considered in the Study. 
Subsequent sections summarize the option categories and describe representative options that 
were received and considered in the Study.  

7.2.2 Approach to Characterize Options 
The Plan of Study identified specific objectives related to the development and evaluation of 
options. As the Study progressed, a definitive process for the characterization of options was 
developed. This process included the quantitative characterization of options through the 
assignment of ratings to a number of evaluation criteria. The process also included the qualitative 
characterization of options that did not directly increase supply or reduce demand. The 
qualitative characterization consisted of the identification of opportunities and constraints, 
including potential legal and regulatory issues. 

Option characterization was performed to describe each of the submitted options, provide a 
relative comparison of the option attributes, and support the eventual development of option and 
portfolio evaluations. Characterization of proposed options was based primarily on information 
provided by the option submitter; however, existing literature and/or relevant studies also were 
reviewed to support the characterization process.  
Characterization of the options was based on 17 evaluation criteria that are consistent with the 
criteria outlined in the Plan of Study, as summarized in table 8. These criteria are described more 
fully in Technical Report F – Development of Options and Strategies.  
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TABLE 8 
Criteria Used to Characterize Representative Options 

Criteria Summary Description of Criteria 

Quantity of Yield  The estimated long-term quantity of water generated by the option—either an increase in 
supply or a reduction in demand 

Timing Estimated first year that the option could begin operation  

Technical Feasibility  Technical feasibility of the option based on the extent of the underlying technology or 
practices 

Cost The annualized capital, operating, and replacement cost per af of option yield 

Permitting Level of anticipated permitting requirements and precedence of success for similar 
projects 

Legal Consistency with current legal frameworks and laws, or precedent with success in legal 
challenges 

Policy Considerations Extent of potential changes to existing federal, state, or local policies that concern water, 
water use, or land management 

Implementation Risk Risk of achieving implementation and operation of option based on factors such as 
funding mechanisms, competing demands for critical resources, challenging operations, 
or challenging mitigation requirements 

Long-term Viability Anticipated reliability of the option to meet the proposed objectives over the long term 

Operational Flexibility Flexibility of option to be idled from year to year with limited financial or other impacts 

Energy Needs Energy required to permit full operation of the option, including treatment, conveyance, 
and distribution 

Energy Source Anticipated energy source to be used to allow option to be operational 

Hydropower Anticipated increases or decreases in hydroelectric energy generation associated with 
implementation of the option 

Water Quality Anticipated improvements or degradation in water quality associated with implementation 
of the option 

Recreation Potential impacts to recreational activities including in-river and shoreline activities 

Other Environmental 
Factors 

Other environmental considerations, such as impacts to air quality, or aquatic, wetland, 
riparian, or terrestrial habitats 

Socioeconomics Potential impacts to socioeconomic conditions in regions within or outside the Basin as a 
result of implementing the option 

 
In general, each option was provided with a five-point rating (“A” through “E”) for each of the 
criteria. “A” generally represented the most favorable rating and “E” represented the least 
favorable.  

The cost criterion includes capital and annual costs expressed in terms of unit costs in present 
value dollars per acre-foot.  All costs presented were developed based on annualized capital costs 
added to annual operation and maintenance (O&M) costs divided by the annual yield of the 
option. 
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7.2.3 Summary of Option Characterization 
Importation 
River and other out-of-Basin freshwater imports have been proposed to increase the overall 
water supply of the Basin. Fifteen options related to river or other freshwater imports were 
received. The submitted options were reviewed and organized into three groups according to the 
location at which the imported water would provide water to the Colorado River or would 
provide exchange water for regions reliant upon Colorado River supplies.  

One group consists of options for importing water from the Missouri River or Mississippi River 
to areas adjacent to the Basin that could use this water to meet projected shortfalls and/or reduce 
the amount of water these areas divert from the Basin. Water would be conveyed to the Front 
Range of Colorado and specific areas of New Mexico and integrated into existing water supply 
systems. Although these options are termed “imports,” water would not actually be imported into 
the Basin. Rather, water would be delivered to these adjacent areas to reduce the amount of water 
that could be exported from the upper Colorado and San Juan rivers. 

The second group of options includes diverting water from the upper headwaters of rivers 
adjacent to the Green River to the headwaters of the Green River. Potential sources of supply are 
diversions from the Bear River, upper Snake River, or Yellowstone River.  

The third group consists of options that focus on importing high-quality water from other regions 
using ocean routes to Southern California coastal areas. Potential sources of water include the 
Columbia River18, rivers in Alaska, or icebergs. Delivery mechanisms include sub-ocean 
pipelines for Columbia River supplies, tanker ships for Alaskan river supplies, or tug boats for 
icebergs. All of the options in this group require extensive transport or conveyance of water from 
the source regions to Southern California and require relatively complex facilities and operations 
to integrate the supply within the current water supply system in Southern California.  

Desalination  
Ocean and brackish water desalination has been proposed to increase the overall water supply of 
the Basin. Fifteen options related to desalination were received. The submitted options were 
reviewed and organized into three groups according to the source of water to be desalinated.  

The first group consists of constructing new or expanding existing (or currently proposed) ocean 
desalination plants in strategic locations along the southern California coast or near the 
international boundary with Mexico. This concept also includes constructing new ocean 
desalination plants along the Gulf of California, Mexico. For both the Pacific Ocean and Gulf of 
California desalination plants, water users downstream would use desalted water in lieu of 
Colorado River water. Thus there would be less water diverted and/or released from Lake 
Havasu, the benefits of which would be seen up the river system to Lake Mead and possibly 
beyond to Lake Powell. 
The second group of options includes constructing new diversions upstream of the Salton Sea on 
the New and Alamo rivers that would capture agricultural drainage water and deliver it to a 
regional brackish water desalination facility. The desalinated water would be delivered back to 

                                                      
18 Among the more than 150 options submitted to Reclamation as responsive to the Plan of Study, additional importation of water supplies from 

various sources, including importation of water from the Snake and Columbia River systems, were submitted to the Study. Such options were 
appropriately reflected in the Study but did not undergo additional analysis as part of a regional or river basin plan or any plan for a specific 
Federal water resource project. This Study is not a regional or river basin plan or proposal or plan for any Federal water resource project. 



Colorado River Basin  
Water Supply and Demand Study 

SR-42 December 2012 

the All American Canal and exchanged for an in-kind amount of reduction in diversions from the 
Colorado River at Imperial Dam. 

The third group consists of options for desalination of brackish water in Southern California and 
Arizona consistent with past similar projects, and also refurbishing the Yuma Desalting Plant to 
allow full-scale production. 

Reuse 
Reuse of existing water supplies was proposed as a method of increasing overall water supply in 
the Basin. Eleven options were submitted related to wastewater reuse. The submitted options 
were reviewed and organized into three groups. Representative options were developed for each 
option group to represent the distinct nature of the options within each group.  

The first group of options related to various methods of reuse of municipal wastewater in major 
urban areas. Municipal wastewater reuse considers new and expanded programs for non-potable 
purposes such as irrigation and also for potential potable purposes through indirect or direct 
methods. 

The second group consisted of the reuse of industrial wastewater that is not traditionally 
discharged through municipal wastewater systems.  

The third group consisted of reuse of grey water at individual homes or communities for non-
potable purposes. Grey water is typically defined as untreated wastewater that has not been 
contaminated by any toilet discharge, has not been affected by unhealthy bodily wastes, and does 
not present a threat from contamination by unhealthful processing, manufacturing, or operating 
wastes (California Building Standards Commission, 2010).  

Local Supply 
Developing new local supply was proposed to increase the overall water supply of the Basin. 
Four options related to local supply were received. The submitted options were reviewed and 
organized into two groups according to the source of local supply.  

In the process of developing natural gas resources, poor-quality groundwater is typically 
“produced” from natural gas wells. The coal bed methane industry has generally disposed of 
produced water at the least possible cost rather than treat and use this potential resource. In most 
cases, coal bed methane-produced waters are disposed by injection into Class II underground 
injection wells. This group of options considers treating the relatively high-salinity water and 
using it to augment supply in the Basin. 

Rainwater harvesting is the capture, diversion, and storage of rainwater for landscape irrigation 
and other uses. This option group considers how individual household rainwater harvesting can 
increase local supply throughout the Basin, with particular emphasis on those areas that do not 
return flows to other users downstream. Rainwater harvesting is not legally permitted in 
Colorado, and this state-specific issue was recognized within the Study. 

Watershed Management 
Changes to watershed management were proposed to increase the overall water supply of the 
Basin. Ten options related to watershed management were received. The submitted options were 
reviewed and organized into five groups according to the specific type of watershed management 
recommendations.  
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Control of invasive tamarisk has been proposed for riparian areas to reduce the overall 
consumptive use and increase streamflow in the Colorado River. Removal of tamarisk is 
proposed on riparian benches where water that would have otherwise contributed to streamflow 
is being consumptively used by tamarisk. 

A large percentage of the runoff from the Basin is derived from forests, particularly in Colorado. 
Previous studies and information have demonstrated that areas in which forest cover is reduced 
by clear-cutting or fires have shown dramatically increased amounts of runoff. The forest 
management group of options would entail the replacement of mature forests that have been 
cleared by harvesting, fires, or insect infestations with stands of replacement growth more likely 
to be favorable for generating runoff.  

Brush control involves reducing brush and therefore reducing consumptive use by vegetation 
communities. The brush control group of options recommends various techniques available for 
brush removal, including chemical spraying, chaining, roller chopping, root plowing, grubbing, 
and controlled fires.  

Dust control options propose to control land-based dust sources that contribute to dust 
accumulation on snow, which changes the albedo, or reflectivity, of the snow resulting in earlier 
snowmelt (Painter et al., 2007, 2010, and 2012; Skiles et al., 2012) and more evaporative 
moisture losses. By implementing measures to reduce the accumulation of dust on snow, lower 
evaporative losses are anticipated.  

Weather modification was proposed for increasing precipitation in Basin. Cloud seeding is the 
most prominent method considered for weather modification. In particular, the seeding of clouds 
with silver iodide to serve as condensation nuclei can increase snowfall over mountainous 
regions. Winter cloud seeding operations have been in operation throughout the West since the 
late 1940s. In recent years, ongoing cloud seeding operations have been documented in at least 
five of the seven Basin States. 

Municipal and Industrial Water Conservation 
Development of additional M&I water conservation was proposed to further reduce the overall 
M&I water demand in areas currently relying upon water supply from the Colorado River. 
Twenty-nine M&I conservation options were submitted for consideration in the Study, with 
several of the submitted options suggesting specific conservation measures.  

Because levels of current and future conservation vary throughout the Study Area, different 
levels of potential savings are possible for a given conservation measure. These savings range 
from essentially no savings where measures have been fully enacted to significant savings where 
measures have not been enacted or where adoption rates are relatively low. Disaggregating the 
savings potential by conservation measure and individual location was beyond the scope of the 
Study. Instead, M&I conservation measures were considered for the entire Study Area with the 
acknowledgement that, despite state and regional differences in current levels of conservation 
and potential for future conservation, some additional conservation is achievable on a Study 
Area-wide basis.  

In order to examine the potential for additional M&I conservation and to explore the range of 
costs and other factors, three levels of conservation were considered based on assumed levels of 
reductions and adoption rates for residential indoor, commercial-institutional-industrial, 
landscape, and water loss. Conservation considered in the demand scenarios ranged from about 
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300 kaf per year to more than 1.1 million acre-feet per year (mafy) in 2060, depending on the 
assumptions within each scenario regarding the degree of per capita water demand reductions19. 
Additional conservation beyond that included in the demand scenarios was considered in three 
additional conservation levels (Level 1, 2, and 3) that generate up to a range of 0.7 to 1.3 maf of 
additional water savings in 2060, depending on the demand scenario. The potential savings of the 
options would be small in the early years of implementation and grow over time.  

Agricultural Water Conservation 
Options were submitted proposing agricultural water conservation to reduce the overall water 
demand in areas currently relying upon water supply from the Colorado River. These options 
ranged in type from specific conservation mechanisms or best management practices 
(e.g., improved irrigation efficiencies, modernization, conveyance system efficiencies, changes 
in types of crops under irrigation) to general implementation approaches to achieve further water 
conservation (e.g., water pricing or water transfers).  

The concepts received were first organized into six Basin-wide agricultural water conservation 
mechanisms that reflect different types of activities that could generate water savings in the 
agricultural sector. These agricultural water conservation measures consist of advanced irrigation 
scheduling, deficit irrigation, on-farm irrigation system improvements, controlled environment 
agriculture, conveyance system efficiency improvements, and fallowing of irrigated lands. 
Because the method of implementation is important for realization of water savings, two 
implementation approaches that could be used to encourage or incentivize adoption of these 
water conservation mechanisms were considered:  

(1) Basin-wide agricultural conservation through a federal or state incentivized program to 
encourage agricultural water use efficiency and, 

(2) Basin-wide agricultural conservation with water transfers on a willing transferor-willing 
transferee basis that promotes water conservation and/or short-term or permanent fallowing of 
irrigated lands to transfer conserved water for a similar or different use. 

For purposes of the Study, each of the various conservation measures was examined as a Basin-
wide potential, but in reality the measures will have important regional limitations and in some 
cases may be mutually exclusive. The various measures should not be considered as additive. 
Because the conservation measures could produce different amounts of savings depending on the 
location in the Basin, implementation approach, and combination of measures, the total 
quantities were estimated as an aggregate for each implementation approach. Up to 1 mafy of 
potential savings by 2060 was considered for each approach (conservation and conservation with 
transfers) although the approaches are not considered additive. The 1 mafy of potential savings 
recognizes an amount of additional water conservation above and beyond the significant existing 
and future water conservation programs that are already included in the Study’s demand 
scenarios.  

Energy Water Use Efficiency 
Options to improve the water use efficiency of the energy sector have been proposed to reduce 
the water demand of the Basin. Four options related to energy water use efficiency were 
                                                      
19 The level of M&I conservation included in the water demand scenarios was estimated by first re-computing the M&I demands under each 

scenario assuming the 2015 gallons per capita per day value from that scenario. The difference in the M&I demand in 2060 with gallons per 
capita per day held at 2015 levels from the M&I demand in 2060 under the actual demand scenario is the amount of M&I conservation 
achieved under that demand scenario.  
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received. The submitted options were reviewed and organized into two groups according to the 
different concepts proposed for reducing water demand.  

The first group of options includes removing the evaporative cooling systems at the 15 largest 
power plants in the Basin and installing air-cooling systems. The second group of options 
addresses the need for a reliable water source for oil and gas development, and suggests options 
for ensuring sufficient supplies through a number of improved efficiency measures.  

System Operations  
Options dealing with modified system operations have been proposed to increase the overall 
water supply, decrease demand, reduce evaporation losses, and improve efficiency within the 
Basin. The submitted options were reviewed and organized into three option groups according to 
the overarching concept driving the new or modified operation. 

The first group includes physical and chemical methods to reduce evaporation from the major 
canals and reservoirs. Physical covers would incorporate solar photovoltaic panels to 
simultaneously reduce evaporation and generate electricity, and concepts involving chemical 
covers include the introduction of a chemical to the water surface of large reservoirs to reduce 
the evaporation rates of the reservoirs.  

The second group proposed new water storage to increase the amount of system storage available 
for either hydropower optimization or capture of water released but not diverted. It also included 
improved groundwater management.  

The third group of options consists of recommendations for changing current reservoir 
operations in the Basin to improve water management. These options consist of reoperation to 
reduce reservoir evaporation, maximize hydropower generation, or improve environmental 
conditions.  

Water Transfers, Exchanges, and Banking  
Water transfers, exchanges, and banking have been proposed to increase the efficient use of 
existing supplies in the Basin. This group consists of options that are reflected in the following 
representative options: water transfers and exchanges, guided water markets, Upper Basin water 
banking, Lower Basin water banking, and groundwater banking. 

Because of their complexity and the inability to develop representative options indicative of all 
water banking or transfer-type options, these options have not been assigned ratings for the 
17 criteria. Water transfers and banking options generally require working in conjunction with 
conservation options (agricultural or M&I) in order to generate the water to be transferred or 
banked.  

The guided water markets option would attempt a strategic, guided approach to transactions that 
could be used proactively to meet demand reduction goals to reduce the risk for Lee Ferry 
deficit. Another option proposes that a similar concept to the Intentionally Created Surplus (ICS) 
program in the Lower Basin be applied in the Upper Basin. This option creates an Upper Basin 
water bank in either Lake Powell or in an off-stream groundwater bank to increase protection 
against a Lee Ferry deficit in extremely dry conditions.  

The 2007 Interim Guidelines (DOI, 2007) implemented an ICS mechanism to provide for the 
creation, accounting, and delivery of conserved system and non-system water, thereby promoting 
water conservation in the Lower Basin. The ICS mechanism allows for conserved water in the 
Lower Basin to be stored in Lake Mead for subsequent delivery in future years. Several options 
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suggested continuing this program beyond the expiration of the 2007 Interim Guidelines in 2026 
and expanding or modifying it to include participants beyond entitlement holders to Colorado 
River mainstem water in the Lower Basin, including Mexico20.  

Finally, some options focused on using groundwater recharge and recovery as an underground 
water bank. An entity could divert water to groundwater storage when there is a surplus or 
reduced need for surface supplies. When there is a critical or increased need for additional 
supply, the entity could then withdraw an equivalent amount of water that it previously banked 
subject to withdrawal limits. This concept is already used in several areas of the Lower Basin.  

Water Management and Allocation 
Options were submitted that suggested modifications to Basin water management processes and 
changes in the distribution of water supply available in the Basin under the Law of the River. 
There are four representative options in this group: changes to apportionment of water supply, 
processes for expanded stakeholder involvement, population control, and conservation and trust 
funds. These options suggested modified methods for governing or managing water supply and 
demand in the Basin. Although these have been included in the Study for completeness and 
continued dialogue, mechanisms currently exist for flexible operations without destabilizing the 
Law of the River or triggering lengthy legal battles that would inevitably occur with any attempt 
to re-allocate the river.  

Tribal Water 
Tribes hold quantified rights to a significant amount of water from the Colorado River and its 
tributaries (approximately 2.9 maf of annual diversion rights).  In many cases, these rights are 
senior to other users. Options pertaining to water development and use were submitted by tribes 
for consideration in the Study and include concepts such as voluntary tribal water transfers, tribal 
water storage and ICS, convening of an inter-governmental forum, resolution of tribal claims, 
affordability of tribal water and removing barriers to tribal participation in federal programs, 
recognition limits to reduce demand, stabilization of soil, and development of non-tributary 
groundwater. Recalmation will work with tribes in future efforts regarding tribal water issues 
reflected in this report. 

Data and Information  
Options were submitted that suggested improvements to the data and information used by 
Reclamation for analysis and modeling. These options involved improved water use accounting 
in the Upper Basin and additional improvements to CRSS. Reclamation is committed to working 
with the Basin States, interested stakeholders, and the USGS to improve water use accounting 
and to refine CRSS and other supporting models where it is feasible and useful in order to 
provide the most realistic representation of how the system is currently operated or may be 
operated in the future. 

Summary of Characterization Ratings  
For each of the quantified options developed for the Study, characterization ratings were 
assigned based on the 17 evaluation criteria. The characterization provided a relative comparison 
of the option attributes and supported the analysis of options and development of portfolios. 

                                                      
20 On November 20, 2012, Minute 319 was signed, which created a mechanism for Mexico to store water in Lake Mead, called Intentionally 

Created Mexico Allotment. This is a temporary agreement, however, and the long-term implementation of such a mechanism is subject to 
future Minutes.  
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Three of the evaluation criteria were developed with both numeric values as well as letter rating: 
cost, quantity of yield, and timing.  

Table 9 summarizes the potential yield for each of the main option groups in 2035 and 2060. A 
total of 7.6 mafy of potential yield was identified for options that increase supply. The options 
with greatest yield of this type are related to watershed management methods, desalination of 
ocean and brackish water, importation, and reuse. A total of 2.2 mafy of potential savings was 
identified through options that reduce demand. The principal options that comprise this type are 
agricultural water conservation, M&I water conservation, and energy water use efficiency. 
Potential savings totaling 1.2 maf y were identified under the options that modify system 
operations and primarily reflect reducing reservoir or canal evaporation through physical or 
chemical covers, or through preferential reservoir storage. When considering all options and all 
categories by 2060, a total of over 11 mafy in potential yield was identified. The potential yield 
is approximately 5.7 maf y by 2035; however, not all options are equally feasible or reliable in 
the long term. Many options such as imports to southern California or some watershed 
management options are uncertain from both a technical feasibility and reliability standpoint. By 
excluding options that were rated low for these factors (“D” and “E”), the total potential yield 
was reduced to approximately 3.7 mafy by 2035 and to approximately 7 mafy by 2060.  

The cost, yield, and timing of the representative options are shown in figure 15 (sorted based on 
cost). Some of the least-cost options are related to weather modification and chemical covers, but 
these have considerable uncertainty related to their long-term viability and implementation risk. 
Agricultural water conservation, M&I water conservation, watershed management methods, 
smaller import options, and brackish water desalination projects represent the next-least-
expensive set of options. Larger desalination, reuse, and importation projects are estimated to 
have higher costs, but still be substantially less than distributed rainwater harvesting and grey 
water reuse options, and canal and reservoir covers. 

In addition to cost, yield, and timing, each option was provided with a five-point rating (“A” 
through “E”) for the remaining 14 criteria. A rating of “A” generally represents the most 
favorable rating and “E” the least favorable. Figure 15 summarizes the resulting ratings for each 
of the option categories and groups. In some cases, multiple ratings are shown in this figure due 
to the assessment of large-scale options into smaller increments to capture the varying degree of 
difficulty of implementing larger options or degree of potential impacts. In general, options that 
improved the water use efficiency (conservation and reuse) were rated higher than other options 
for most of the criteria. Options such as importation, desalination, and reuse were rated favorably 
for technical feasibility and long-term viability risks, but less favorably for environmental 
criteria because of their greater energy needs and potential impacts to source or discharge areas. 
Most watershed management options, although potentially yielding significant new supply, were 
rated poorly for technical feasibility and long-term viability because of the unproven reliability 
of application of many of these techniques on the scale envisioned for the Basin. 
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TABLE 9 
Summary of Option Cost and Potential Yields by 2035 and 2060 

Option 
Category Option Group 

Estimated 
Cost 

($/afy) 

Years 
Before 

Available 

Potential 
Yield by 

2035 (afy) 

Potential 
Yield by 

2060 (afy) 

Desalination Gulf of California 2,100 20–30 200,000 1,200,000 

Pacific Ocean in California 1,850–2,100 20–25 200,000 600,000 

Pacific Ocean in Mexico 1,500 15 56,000 56,000 

Salton Sea Drainwater  1,000 15–25 200,000 500,000 

Groundwater in Southern 
California 

750 10 20,000 20,000 

Groundwater in the Area near 
Yuma, Arizona 

600 10 100,000 100,000 

 Subtotal   776,000 2,476,000 

Reuse Municipal Wastewater 1,500–1,800 10–35 200,000 932,000 

Grey Water 4,200 10 178,000 178,000 

Industrial Wastewater 2,000 10 40,000 40,000 

 Subtotal   418,000 1,150,000 

Local Supply Treatment of Coal Bed Methane-
Produced Water 

2,000 10 100,000 100,000 

Rainwater Harvesting 3,150 5 75,000 75,000 

 Subtotal   175,000 175,000 

Watershed 
Management 

Brush Control 7,500 15 50,000 50,000 

Dust Control 220–520 15–25 280,000 400,000 

Forest Management 500 20–30 200,000 300,000 

Tamarisk Control 400 15 30,000 30,000 

Weather Modification 30–60 5–45 700,000 1,700,000 

 Subtotal   1,260,000 2,480,000 

Importation Imports to the Colorado Front 
Range from the Missouri or 
Mississippi Rivers 

1,700–2,300 30 0 600,000 

Imports to the Green River from 
the Bear, Snake1, or 
Yellowstone Rivers 

700–1,900 15 158,000 158,000 

Imports to Southern California 
via Icebergs, Waterbags, 
Tankers, or from the Columbia 
River1 

2,700–3,400 15 600,000 600,000 

 Subtotal   758,000 1,358,000 

M&I Water 
Conservation 

M&I Water Conservation 500–900 5–40 600,000 1,000,000 

 Subtotal   600,000 1,000,000 
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TABLE 9 
Summary of Option Cost and Potential Yields by 2035 and 2060 

Option 
Category Option Group 

Estimated 
Cost 

($/afy) 

Years 
Before 

Available 

Potential 
Yield by 

2035 (afy) 

Potential 
Yield by 

2060 (afy) 

Agricultural 
Water 
Conservation 

Agricultural Water Conservation 150–750 10–15 1,000,000 1,000,000 
Agricultural Water Conservation 
with Transfers  

250–750  5–15 1,000,000 1,000,000 

 Subtotal   1,000,0002 1,000,0002 
Energy Water 
Use Efficiency 

Power Plant Conversion to Air 
Cooling 

2,000 10 160,000 160,000 

 Subtotal   160,000 160,000 
System 
Operations 

Evaporation Control via Canal 
Covers 

15,000 10 18,000 18,000 

Evaporation Control via 
Reservoir Covers 

15,000 18 200,000 200,000 

Evaporation Control via 
Chemical Covers on Canals and 
Reservoirs 

100 15–25 200,000 850,000 

Modified Reservoir Operations Unknown 15 0 – 300,000 0 - 300,000 
Construction of New Storage 2,250 15 20,000 20,000 

 Subtotal   588,0003 1,238,0003 
 Total of All Options   5,735,0004 11,037,0004 

1Among the more than 150 options submitted to Reclamation as responsive to the Plan of Study, additional importation of water 
supplies from various sources, including importation of water from the Snake and Columbia River systems, were submitted to the 
Study. Such options were appropriately reflected in the Study but did not undergo additional analysis as part of a regional or river 
basin plan or any plan for a specific Federal water resource project. This Study is not a regional or river basin plan or proposal or 
plan for any Federal water resource project 
2 The two agricultural water conservation representative options derive potential yield from similar measures and are thus not 
additive 
3 Subtotal assumes 150,000 afy for the Modified Reservoir Operations representative option. 
4 Total does not account for several options that may be mutually exclusive due to regional integration limitations or are dependent 
on the same supply. 

 

7.2.4 Development of Portfolios  
Based on the results of the characterization and development of representative options, various 
representative options were combined into portfolios representing different potential adaptation 
strategies. The Study developed four exploratory portfolios to reflect different strategies for 
selecting and combining options to address imbalances between water supply and water demand. 
Each portfolio consists of a unique selection of options to address vulnerabilities (e.g., declining 
Lake Mead pool elevation) that may exist under future combinations of supply and demand.  
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FIGURE 15 
Summary of Options Characterization Ratings (aggregated by option groups) 

 
 
Agricultural (Ag), Upper Basin (UB), Lower Basin (LB), Municipal and Industrial (M&I), Modification (Mod), Desalination (Desal), Southern California (SoCal) 

Technical Environmental Social Other
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Using the ratings associated with the criteria, preferences were expressed that resulted in two 
portfolios, Portfolio B and Portfolio C. Two other portfolios were then added, Portfolio A which 
represents a highly inclusive strategy (includes all options in either Portfolio B or Portfolio C) 
and Portfolio D, which represents a highly selective strategy (includes only options in both 
Portfolio B and Portfolio C). Portfolio B includes options with high technical feasibility and 
long-term reliability, but excludes options with the highest permitting, legal, policy, or long-term 
viability risks. Portfolio B also excludes any options that cost more than $2,500 per af. Portfolio 
C focuses on options that are also highly feasible, but excludes options that could have greater 
environmental impacts. This portfolio excludes options that cost more than $4,200 per af. The 
schematic in figure 16 shows the relationships of the options included in the Study portfolios.  

FIGURE 16 
Schematic Representing Options Included in the Study Portfolios 

 
 

Portfolio A 
Portfolio A includes options with high technical feasibility, excludes options with highest 
permitting, legal, policy, and long-term viability risks. This portfolio includes options that are 
included in both Portfolio B and Portfolio C. This portfolio also includes the Upper Basin water 
bank concept that is described in Portfolio C. Portfolio A includes the largest number of options 
and option types of the four portfolios. This portfolio is the least restrictive in terms of options.  

Portfolio B  
Portfolio B is based on a strategy that seeks long-term water supply reliability through 
implementation of options with high technical feasibility and long-term reliability.  The strategy 
can be defined as one that seeks options with proven technology and that, once in place, will 
produce reliable long-term yield.  The strategy represents a low-risk strategy in the long-term, 
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but may consider greater risk with respect to permitting and implementation.  However, this 
portfolio excludes options with the highest permitting, legal, and policy risks.  The portfolio 
includes a blend of options that increase supply and those that decrease demand.  Water 
conservation and a variety of desalination options are included in the near-term (first 25 years) 
and imports and expansion of reuse programs dominate the longer-term options. 

Portfolio C 
Portfolio C focuses on options that are technically feasible but also have low environmental 
impacts—low energy needs, lower carbon energy sources, low permitting risk, and low impacts 
to other environmental factors. This portfolio also avoids options that are potentially unfavorable 
to recreational interests. In addition, this portfolio excludes options with the highest permitting, 
legal, and policy risks. The portfolio includes significant conservation in the near term and relies 
on reuse and watershed management rather than desalination and imports to augment supplies in 
the longer-term. In addition to options that either reduce demand or increase supply, the portfolio 
also includes a mechanism to transfer water conserved in Upper Basin through M&I, agricultural 
water conservation, and energy water use efficiency, to a conceptual Upper Basin water bank. 
Water is stored in the water bank until needed to be released in order to avoid Lee Ferry deficit21 
conditions.  

Portfolio D 
Portfolio D includes only those options included in both Portfolio B and Portfolio C. Significant 
options not included in this portfolio are several desalination options and imports from the 
Missouri River. In addition to containing less potential yield than other portfolios, Portfolio D 
also includes the fewest number of options.  

In developing each of the unique portfolios, a set of preferences regarding the characteristics of 
options, as defined by the criteria ratings, was defined. These preferences defined the particular 
strategy of the portfolio. The Options and Strategies Sub-Team assisted in the development of 
the four portfolios by identifying general strategies, option criteria preference sets, and reviewing 
draft portfolios. Adjustments to portfolios were made to either include or exclude specific 
options or to specify that an option is to be implemented as soon as available based on input from 
the Options and Strategies Sub-Team members. The option criteria preferences included in each 
portfolio are shown in table 10. 

7.2.5 Portfolio Comparison 
The four portfolios represent different exploratory approaches for addressing the projected 
imbalances between water supply and demand. These portfolios were developed in conjunction 
with the Options and Strategies Sub-Team, but should not be considered as individual suggestive 
pathways. Rather, they were developed to explore the range of options, different preferences for 
option characteristics, and different levels of option inclusion. Table 11 provides a high-level 
comparison of the options that were either included in all portfolios, included in some but not all 
portfolios, and those options that were not included in any portfolio. As the table shows, high 
levels (above 400 kaf) of Gulf of California and Pacific Ocean desalination options, the most 
complex import options, reservoir and canal covers, and many of the watershed management 

                                                      
21 Article III(d) of the Colorado River Compact stipulates that the Upper Division States will not cause the flow of the river at the Lee Ferry 

Compact Point to be depleted below an aggregate of 75 maf for any period of 10 consecutive years. For the purpose of the Study, a Lee Ferry 
deficit is defined as the difference between 75 maf and the 10-year total flow arriving at Lee Ferry. 
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options were not selected for inclusion in any of the portfolios. Only 12 options are included in 
some but not all portfolios. These included ocean desalination options, imports from the 
Missouri River, expensive options related to local distributed supply or reuse development such 
as rainwater harvesting and grey water reuse, and watershed management options such as 
tamarisk control and dust management. 

 

TABLE 10 
Option Criteria Preferences for the Study Portfolios 

Criteria 
Category Option Criteria 

Portfolio 

Portfolio A Portfolio B Portfolio C Portfolio D 

Technical Technical 
Feasibility 

Excludes  
D & E 

Excludes  
D & E 

Excludes  
D & E 

Excludes  
D & E 

Implementation 
Risk 

All All All All 

Long-term 
Viability 

Excludes E Excludes  
D & E 

Excludes E Excludes  
D & E 

Operational 
Flexibility 

All All All All 

Environmental Permitting Excludes E Excludes E Excludes  
D & E 

Excludes  
D & E 

Energy Needs All All Excludes  
D & E 

Excludes  
D & E 

Energy Source All All Excludes E Excludes E 

Other 
Environmental 
Impacts 

All All Excludes  
D & E 

Excludes  
D & E 

Social Recreation All All Excludes  
D & E 

Excludes  
D & E 

Legal Excludes E Excludes E Excludes E Excludes E 

Policy Excludes E Excludes E Excludes E Excludes E 

Socioeconomics All All All All 

Other Hydropower All All All All 

Water Quality All All All All 

Cost < $4,200/af < $2,500/af < $4,200/af < $2,500/af 

A rating of “A” generally represents the most favorable rating and “E” the least favorable. For example, a rating of “E” 
for technical feasibility indicates those options with the lowest scoring in terms of feasibility. A rating of “E” for 
permitting indicates those options with extremely challenging permitting requirements. 
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TABLE 11 
Summary of Option Inclusion Across the Study Portfolios 

Option 
Category Option Group 

Portfolios 

Portfolio A Portfolio B Portfolio C Portfolio D 

Importation Imports to the Colorado 
Front Range from the 
Missouri or Mississippi 
Rivers 

X X   

Imports to the Green River 
from the Bear, Snake, or 
Yellowstone Rivers 

    

Imports to Southern 
California via Icebergs, 
Waterbags, Tankers, or 
from the Columbia River 

    

Desalination Gulf of California Up to 400 kaf Up to 400 kaf   

Pacific Ocean in California Up to 400 kaf Up to 400 kaf   

Pacific Ocean in Mexico X X   

Salton Sea Drainwater  X X X X 

Groundwater in Southern 
California 

X X X X 

Groundwater in the Area 
near Yuma, Arizona 

X X X X 

Reuse Municipal Wastewater X X X X 

Grey Water X  X  

Industrial Wastewater X X X X 

Local Supply Treatment of Coal Bed 
Methane-Produced Water 

X X   

Rainwater Harvesting X  X  

Watershed 
Management 

Brush Control     

Dust Control X  X  

Forest Management     

Tamarisk Control X  X  

Weather Modification Up to 300 kaf Up to 300 kaf Up to 300 kaf Up to 300 kaf 

M&I Water 
Conservation 

M&I Conservation X X X X 

Agricultural 
Water 
Conservation 

Agricultural Water 
Conservation 

    

Agricultural Water 
Conservation with Transfers  

X X X X 
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TABLE 11 
Summary of Option Inclusion Across the Study Portfolios 

Option 
Category Option Group 

Portfolios 

Portfolio A Portfolio B Portfolio C Portfolio D 

Energy Water 
Use Efficiency 

Power Plant Conversion to 
Air Cooling 

X X X X 

System 
Operations 

Evaporation Control via 
Canal Covers 

    

Evaporation Control via 
Reservoir Covers 

    

Evaporation Control via 
Chemical Covers on Canals 
and Reservoirs 

    

Modified Reservoir 
Operations 

    

Construction of New 
Storage 

    

Water Banking Upper Basin Water Bank X  X  

 

The differences in the selection or inclusion of options in the portfolios also influenced the total 
potential yield and implementation cost. Figure 17 shows the potential yield of the four 
portfolios over time for three different limits on the portfolio average cost. On the right, the 
portfolios are essentially unconstrained by cost (average costs less than $1,250 per af). Not 
surprisingly, Portfolio A has the highest potential yield (~6.3 maf) and Portfolio D has the lowest 
potential yield (~4.0 maf). Portfolio B and Portfolio C yields are similar through 2042. At that 
point, Portfolio B yield increases significantly more than Portfolio C. For lower average costs, 
the differences between the four portfolios are less significant (figure 17, left and middle ), 
particularly between Portfolio B and Portfolio C.  

The four portfolios considered in the Study represent different potential strategies for 
dynamically addressing system vulnerabilities that may develop in the future. Because there are 
many more strategies than could be evaluated in the Study, the portfolios should be considered 
exploratory. The primary focus of the portfolio development and subsequent evaluation in the 
Study was to establish the range of responses, types of options that may be considered for 
implementation, their effectiveness at addressing vulnerabilities, and the range of cost and other 
attributes resulting from different portfolio implementations.  

 



Colorado River Basin  
Water Supply and Demand Study 

SR-56 December 2012 

FIGURE 17 
Total Yields over Time for Average Costs less than $750/af (left), less than $1,000/af (middle), and less than $1,250/af (right) for 
Portfolios  

 

8.0 Evaluation of Options and Strategies to Resolve Supply 
and Demand Imbalances 

Potential future Basin supply and demand imbalances suggest that some course of action will be 
required to improve the reliability of the system to meet the stresses on the Basin resources. 
From solicitation of public input, over 150 options to help improve or maintain Basin resource 
reliability were received, many aimed at closing the supply and demand imbalance. The purpose 
of Technical Report G – System Reliability Analysis and Evaluation of Options and Strategies 
was to assess the effectiveness of those options at improving the reliability of the system to meet 
Basin resource needs.  

8.1 Summary of Technical Report G – System Reliability Analysis and 
Evaluation of Options and Strategies 

8.1.1 System Reliability Analysis without Options and Strategies 
The system reliability analysis without future actions or “Baseline” conditions, were modeled 
using CRSS, Reclamation’s long-term planning model, implemented in the RiverWareTM 
generalized river-reservoir modeling software. All combinations of the supply and demand 
scenarios were including the Baseline analysis. Additionally, two operational assumptions 
regarding Lake Powell and Lake Mead operations past the effective period of the 2007 Interim 
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Guidelines in 2026 were considered. Since each supply scenario has over 100 individual 
sequences, the Baseline system reliability is comprised of over 20,000 simulations or “traces”.  

The Baseline simulations showed reduced streamflow at key locations and declining reservoir 
water elevations (pool elevation), as well as increasing risk of shortfalls in water availability to 
meet consumptive use demands. These conditions are further exacerbated when only considering 
the Downscaled GCM Projected water supply scenario. Although some of these findings 
translate directly to resource performance, many do not.  

From the system reliability metrics (metrics) described in Technical Report D – System 
Reliability Metrics, a set of indicator metrics were developed to inform the assessment of 
vulnerability. Defining vulnerability required the definition of thesholds beyond which the 
resource was deemed vulnerable. This offered perspective on resource performance and also a 
quantifiable measure of outcomes. Consistent with the reductions in system reliability, resource-
specific vulnerabilities were also found to increase as the supply and demand imbalance grows. 
Specific resource vulnerabilities resulting without options in place are discussed in the 
subsequent section, alongside the resulting vulnerability with options in place. The Baseline and 
each portfolio were evaluated for each combination of water supply and water demand scenarios 
and for operational assumptions. 

8.1.2 System Reliability Analysis with Options and Strategies 
Static Portfolios 
In addition to identifying a range of future demands, Technical Report C – Water Demand 
Assessment identified demands for Colorado River water beyond basic state apportionments in 
the Lower Division States. In the Baseline simulations, deliveries were limited to basic 
apportionments; as a result, these additional demands were only met during Surplus Conditions.  
Before attempting to address the added strain of demands growing beyond the Lower Division 
States’ basic apportionments, the effectiveness of options to remedy system performance within 
apportionment was explored. Due to the rather sizable supply and demand imbalances that are 
projected to occur, all representative options included in Portfolio A, described previously, were 
implemented as soon as available per their respective characterizations; such a strategy is 
referred to as Static Portfolio A. This ensures the full extent of the collective option capacity is 
considered in addressing vulnerabilities and imbalances. From this exercise, vulnerabilities were 
significantly reduced. In the case of some indicator metrics, the fraction of years vulnerable went 
from over 50 percent to as low as 5 percent. While this reduction was an encouraging indication 
of effectiveness, it is clear that in order to eliminate vulnerabilities entirely, additional 
investment would be required. 

As established earlier, significant demands above basic apportionment exist and must be 
considered as part of a comprehensive study of the Basin and its resources.  Several options 
generate potential yield that could be directed toward either these additional demands or toward 
broader Basin resources. Assumptions were developed that attempt to balance option benefits 
between these needs. In the implementation of Static Portfolio A, yield is directed to target 
demands above basic apportionments until system vulnerabilities increase measurably, upon 
which the benefit is directed away from meeting the demands and used to benefit Basin 
resources. This demonstrates the potential to strike a balanced approach with regard to yield 
benefit. Sensitivity results with different levels of balance between these needs show comparable 
improvements in resource vulnerability.  
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Using the Static Portfolio A, results for the Lake Mead pool elevation vulnerability, the impact of 
supply and demand scenarios on resource performance was explored by comparing against the 
Baseline results. Figure 18 shows two sets of model results – with and without options, 
delineated by time period, supply, demand, and assumption regarding Lakes Powell and Mead 
operations past 202622.  

 
FIGURE 18 
Percent of Vulnerable Traces for the Lake Mead Elevation Indicator Metric Across Three Time Periods for the Baseline and 
Static Portfolio A, by Supply and Demand Scenario  

 
Graph reflects a subset of all scenarios evaluated for the portfolio analysis – Supply Scenarios: Observed Resampled, Paleo 
Conditioned, and Downscaled GCM Projected; Demand Scenarios: Current Projected (A), Rapid Growth (C1), Enhanced 
Environment (D1); Lakes Powell and Mead Post-2026 Operations: 2007 Interim Guidelines Extended, Revert to 2007 Interim 
Guidelines Final EIS No Action Alternative. Horizontal lines represent the minimum and maximum results across all demand 
scenarios. 
 
 

                                                      
22 For modeling purposes, future system conditions were modeled under two assumptions with respect to the operation of Lakes Powell and 

Mead beyond 2026. In one assumption, “Extend 2007 Interim Guidelines,” it was assumed that the 2007 Interim Guidelines would remain in 
place from 2027 through 2060. In the other assumption, “Revert to Final EIS No Action Alternative,” it was assumed that operations would 
revert back to those in the 2007 Interim Guidelines Final EIS No Action Alternative. 



Study Report 

December 2012 SR-59 

In the early time period (2012-2026), vulnerabilities are driven solely by supply scenarios; 
demand trajectories are still quite similar, and reservoir operations are governed by the 2007 
Interim Guidelines. Even the difference between with and without options is somewhat small, 
mostly due to the lack of early options to address Lake Mead falling below 1,000 feet msl. The 
middle time period (2027-2040) shows some separation along the demand and operation policy 
dimensions, particularly for the Observed Resampled supply. However, for the more taxing 
hydrology scenarios, the differences in the percentage of vulnerable traces across demand 
scenarios become more muted. The effect of the portfolio has a similar dampening effect on the 
differences in the percentage of vulnerable traces across demand scenarios. In the final time 
period (2041-2060), differences due to demand and assumptions regarding Lakes Powell and 
Mead operations are at their largest, especially in the Baseline. The “Revert to No Action 
Alternative” assumption shows lower risk of vulnerability in Lake Mead elevation by creating 
sizable shortages in the Lower Basin. With the implementation of all options by the end of the 
final period, all but the Downscaled GCM hydrology vulnerabilities are reduced, again largely 
trumping the other parameters. Therefore, demand and operational policy can impact 
vulnerability outcomes but tend to be overshadowed by hydrology differences or portfolio 
implementation.  

Dynamic Portfolios 
To assess the appropriate timing of simulated option implementation, a dynamic method for 
implementing representative options was developed. In this method, options triggered only when 
needed, based on signposts that precede conditions associated with vulnerable events. These 
signposts are listed in table 12 and the use of them allowed for implementation of options in the 
model simulation only when needed. The lead time listed in table 12 was the longest period 
between the triggering of a signpost and occurrence of a vulnerability that still retained sufficient 
predictive skill. Additionally, only options that addressed the anticipated vulnerability were 
implemented given a particular signpost. However, signposts did not signal when feasibility-
level studies, permitting, construction, or other key implementation decisions would be required.  
This would require a consistent and concerted effort to conduct project activities well in advance 
of triggers included in the model. 

System Response Variables 
Dynamic implementation of options in the model simulations of the four portfolios resulted in 
substantial system and resource improvements over Baseline results in addition to reducing over-
investment. Relative to the static portfolio described above, the dynamic implementation of 
options reduces the annual portfolio cost by over 25 percent in 2060. This result speaks to the 
significant benefit to a dynamic and adaptive approach over one that is static.  

In figure 19 and in all subsequent figures displaying portfolio results, in order to facilitate a 
comparison between the portfolios and Baseline conditions, the results were computed based on 
all supply and demand conditions and in addition for both assumptions regarding Lakes Powell 
and Mead operations after 2026.  

Figure 19 shows all portfolios reversing the declining median Lake Powell pool elevations from 
the Baseline. Further, the 10th percentile pool elevation improved by 80 to 120 feet. It is 
noteworthy that even with such an improvement, levels can be still significantly low, indicating 
that some scenarios still pose a challenge to the system, even with options in place.  
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TABLE 12 
Vulnerability Signposts 

Indicator Metric/ 
Vulnerability 

Lead 
Time 

Conditions 

Lake 
Powell 

Elevation 
(feet msl) 

Lake 
Mead 

Elevation 
(feet msl) 

Lees 
Ferry  
5-year 
Mean 
Flow 

Upper Basin 
Shortage 

Lower Basin 
Demand Above 
Apportionment 

Lee Ferry Deficit1  5 Years 3,490 Not 
applicable 

12.39 maf Not 
applicable 

Not applicable 

Lower Basin 
Shortage (>1 maf 
over 2 years)  

3 Years Not 
applicable 

1,060’ 13.51 maf Not 
applicable 

Not applicable 

Lower Basin 
Shortage (>1.5 
maf over 5 years) 

3 Years Not 
applicable 

1,075’ 13.51 maf Not 
applicable 

Not applicable 

Mead Pool 
Elevation  
(< 1,000’) 

3 Years Not 
applicable 

1,040’ 13.35 maf Not 
applicable 

Not applicable 

Upper Basin 
Shortage  
(>25%)  

0 Years Not 
applicable 

Not 
applicable 

Not 
applicable 

25% Not applicable 

Lower Basin 
Demand Above 
Apportionment 

Varies Not 
applicable 

Not 
applicable 

Not 
applicable 

Not 
applicable 

Demand above basic 
apportionment is 
within 100 kaf of 
permissible level 

1 A Lee Ferry deficit is assumed to occur in any year when the 10-year running total flow at Lees Ferry is less than 
75 maf. The deficit is computed as the difference between 75 maf and the 10-year running flow in a particular 
year. 

 

Following results for Lake Powell are the probability and magnitudes of Lee Ferry deficits in 
figure 20. A Lee Ferry deficit is assumed to occur in any year when the 10-year running total 
flow at Lees Ferry is less than 75 maf. Again, all portfolios showed improvements over the 
increasing probability of Lee Ferry deficit seen in the Baseline. In some cases, the probability 
even appeared to have stabilized at less than 2 percent. Although the risk of a Lee Ferry deficit 
was notably lowered, the median magnitude was affected less. In fact, at the 90th percentile, 
there appeared to be some slight increases in deficit magnitudes. This is likely an artifact of 
reducing the number of deficit events, particularly those of smaller magnitudes, thus shifting 
some of the more-extreme condition to the 90th percentile. Importantly, the portfolios that 
stabilize the probability of a Lee Ferry deficit contain an option for an Upper Basin water bank. 
This bank is used to provide additional water to reduce the risk of Lee Ferry deficit.  
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FIGURE 19 
10th, 50th, 90th Percentiles for Lake Powell End-of-December Pool Elevation for the Baseline and Four Portfolios 

 
 
 

FIGURE 20 
10th, 50th, 90th Percentiles for Lee Ferry Deficit in Years in Which a Deficit Occurs (top) and Percent of Traces (bottom) with a 
Lee Ferry Deficit for the Baseline and Four Portfolios 
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Lake Mead pool elevations also improved relative to the Baseline, albeit not as immediately and 
to a lesser magnitude, as shown in figure 21. The delayed recovery of the median pool elevation 
was due to a combination of option availability for implementation and the additional demands 
above basic apportionment that were not addressed in the Baseline run. These demands all 
originate in the Lower Basin, and therefore add extra demand strain on Lake Mead, calling for 
greater releases. In 2060, relative to the Baseline, median pool elevations rose 60 to 90 feet 
depending on the specific portfolio. Not surprisingly, Portfolio A, which had the largest 
maximum potential yield, saw the largest increase, whereas the Portfolio D, with smallest 
maximum potential yield, showed the smallest gains.  

 
FIGURE 21 
10th, 50th, 90th Percentiles for Lake Mead End-of-December Pool Elevation for the Baseline and Four Portfolios 

 
 
 
Water Deliveries Indicator Metric Performance 
Consistent with the improved system conditions, resource indicator metrics showed reductions in 
vulnerabilities. Figure 22 shows water delivery indicator metrics and percent of years vulnerable 
by three time periods. Additionally, in Technical Report G – System Reliability Analysis and 
Evaluation of Options and Strategies, results are shown for the percent of years vulnerable and 
indicating the percent of traces or simulated futures vulnerable. This helps in understanding the 
persistence of vulnerable events both within and across traces. For example, a low percent of 
years vulnerable but high percent of traces vulnerable, indicates that, albeit infrequently, the 
indicator metric tends to be vulnerable at least once in most traces. Conversely, a high percent of 
years but lower percent of traces vulnerable suggests considerable persistence of additional 
vulnerabilities once one has occurred for a particular trace.  
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FIGURE 22 
Percent of Vulnerable Years for Each Water Delivery Indicator Metric Across Three Time Periods for the Baseline and Four 
Portfolios  

 
 
 
For all metrics shown, vulnerabilities in the first period tended to change little from the Baseline 
results. This was a result of the combination of often low vulnerability risk in the early period 
and few options available to address vulnerabilities when they occur. The middle time period 
was the first to significantly diverge from the Baseline for most indicator metrics. However, in 
some cases, it was also the most vulnerable window, owing to the fact that options may have 
only been available for a short time, and as a result, little benefit accrued to reduce vulnerability. 
Demands above basic apportionments were not included in the Baseline modeling and thus the 
results showed a marked improvement under simulations with portfolios. Also, one might expect 
Portfolio A to show the greatest reduction in vulnerabilities simply by having the greatest yield 
available to address imbalances; however, this was not always the case. Because this portfolio 
includes the Upper Basin banking option, water generated by conservation was not immediately 
available to address vulnerabilities, but was instead “banked” to help hedge against future Lee 
Ferry deficits. This is the same reason that Portfolio A was particularly effective at reducing the 
probability of Lee Ferry deficits. 
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Electrical Power Resources Indicator Metric Performance 
As shown in figure 23, electric power resources exhibited performance improvements similar to 
those in the water delivery indicator metrics. As more options are implemented, increased flow 
helps to raise pool elevations and greater downstream demand requires larger releases. This 
combination is a two-fold benefit to hydropower.  
FIGURE 23 
Percent of Vulnerable Years for Each Electric Power Indicator Metric Across Three Time Periods for the Baseline and Four 
Portfolios  

 
Gigawatt hour (GWh) 

 
Flood Control Indicator Metric Performance 
As shown in figure 24, under the Baseline conditions, flood control vulnerabilities were few and 
actually decreased over time due to the increase in available storage associated with increasing 
demand. Under the various portfolios, the occurrence of vulnerabilites remained low, but did 
increase slightly. This result stems from the implementation of options that increase pool 
elevations, which in turn, reduces capacity to absorb extreme flow events.  
FIGURE 24 
Percent of Vulnerable Years for Each Flood Control Indicator Metric Across Three Time Periods for the Baseline and Four 
Portfolios  

 
Cubic feet per second (cfs) 
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Recreational Resources Indicator Metric Performance 
Figures 25 and 26 show recreational resource indicator metric vulnerabilities. Specifically, the 
metrics in figure 25 are river boating vulnerabilities, and those in figure 26 pertain to reservoir 
recreation. River boating indicator metrics are based on the shift in long-term average 
availability of flows deemed acceptable (total days) and optimal (optimal days) from simulations 
reflective of current conditions with variable hydrology (control run).  In general, the optimal 
flow metrics were consistently more vulnerable than the total flow metrics. This is because the 
window for optimal flows is more stringent and therefore more sensitive to changes in 
streamflow. All portfolios demonstrate improvements for the boating indicator metrics. Portfolio 
A showed the most improvement. The improvement in Portfolio A and in Portfolio C is due to 
the Upper Basin banking option, found in both, which routes conserved water from across the 
major tributaries to a conceptual storage facility near Lake Powell. By routing the conserved 
water, resources that depend on in-stream flows tend to benefit, including river boating 
recreation.  
FIGURE 25 
Percent of Vulnerable Years for Each Recreational (boating flow) Indicator Metric Across Three Time Periods for the Baseline 
and Four Portfolios  

 
 “Control run” reflects conditions that might be expected under current demand and Observed Resampled water supply conditions, 
and was used as a reference for evaluating change in vulnerability associated with future changes. 
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FIGURE 26 
Percent of Vulnerable Years for Each Recreational (shoreline facilities) Indicator Metric Across Three Time Periods for the 
Baseline and Four Portfolios  

 
 

For reservoir recreation, Flaming Gorge performed notably well, even under the Baseline 
simulations. This is attributable to a combination of more-optimistic streamflow projections in 
the Upper Green River due to projected climate change and slower growth relative to other 
regions. Reductions to vulnerabilities at other locations in the Upper Basin were largely from 
conservation and weather modification options that serve to either increase reservoir inflow or 
reduce the required release. 

Ecological Resources Indicator Metric Performance 
Ecological resource vulnerabilities were calculated based on reference flow conditions that were 
derived to reflect instream and riparian habitat conditions. In most cases, the indicator metrics 
were derived from biological opinion recommendations and coordinated through the Metrics 
Sub-Team.  Ecological resource indicator metrics are shown in figure 27. Based on the 
discussion of river boating vulnerabilities, it would be logical to expect that the portfolios with 
the Upper Basin banking option and associated routing of flows would benefit ecological 
resources more than other portfolios. In the case of the Yampa and San Juan river metrics, the 
outcome was consistenct with this expectation. However, for the Green and Colorado rivers, the 
improvements were largely commensurate with other portfolios because of the particular flow 
recommendations at those sites. The Green and Colorado river flow prescriptions are specific 
with regard to timing and volume. As such, increases in flow resulting from routing water to the 
bank may not help resolve vulnerabilities if the flow pattern is not consistent with the flow 
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recommendations. Coordinated routing of flows would be required to achieve the maximum 
benefit to those more-detailed flow requirements.  
 

FIGURE 27 
Percent of Vulnerable Years for Each Ecological Indicator Metric Across Three Time Periods for the Baseline and Four Portfolios  

 
 

8.1.3 Portfolio Comparison and Option Analysis 
Although the portfolio analysis successfully demonstrated that system reliability can be 
improved, it is not without significant cost and performance tradeoffs. Figure 28 illustrates the 
performance across portfolios by supply scenario in terms of addressing two key water delivery 
vulnerabilities—Lee Ferry deficit and Lake Mead pool elevation below 1,000 feet msl. For this 
discussion these are refered to as the Upper Basin vulnerability and Lower Basin vulnerability. 

Portfolio B favors options believed to have higher certainty of available water supply once 
implemented. As shown in figure 28 (on the right), this portfolio performs as well or better than 
all the other portfolios for addressing the Lower Basin vulnerability across all supply scenarios. 
The portfolio performs less well than Portfolios C and A for the Upper Basin vulnerability 
(figure 28, left), particularly in the Downscaled GCM Projected supply scenario (bottom row). 

Portfolio C, while focused on options that favor lower energy needs and less environmental 
impacts, is more dependent on shifting social values towards additional conservation and reuse. 
Choosing to implement options characterized as having low energy needs (as a surrogate for 
potential environmental impacts) might come at the expense of having a less certain long-term 
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water supply. Despite this tradeoff, this portfolio performs well for addressing the Upper Basin 
vulnerability (figure 28, left) and is particularly effective under the Downscaled GCM Projected 
supply scenario (figure 3, bottom row). Portfolio C is less effective, however, at addressing the 
Lower Basin vulnerabilities (figure 28, right). Note that the effectiveness of Portfolio C and 
Portfolio A at reducing Upper Basin shortage vulnerability is largely due to the inclusion of a 
Upper Basin water bank concept in these portfolios. 
FIGURE 28 
Percent of Years with Occurrence of Upper Basin (left) and Lower Basin (right) Vulnerability in 2041–2060 with Portfolios 
Implemented, by Supply Scenario 

 
 

As discussed earlier, portfolios differ based on the representative options available to address 
supply and demand imbalances. As such, it is important to explore the portfolios beyond their 
ability to reduce vulnerabilities and improve system conditions. From analysis of the 
characterization criteria, the portfolios considered in the Study differ most notably on cost, 
energy needs, and long-term viability factors. Figure 29 shows the distribution of annual 
portfolio costs through time and for each water supply scenario. The box plots in the figure 
represent the inter-quartile range and the 10th and 90th percentiles. For all portfolios, costs 
increase substantially between the onset and end of the Study period. By 2060, the annual costs 
range from approximately $2 to $5 billion under the Observed Resampled, Paleo Conditioned, 
and Paleo Resampled supply scenarios, and increase to potentially $7 billion under the 
Downscaled GCM Projected scenario. Portfolio A is the most costly due to the inclusion of the 
greatest number of options, and Portfolio D is the least costly due to the inclusion of the least 
number of options. Although Portfolio B are costly, it brings a certainty of available supply and 
is risk averse in terms of the future security of providing water to users. By choosing to only 
consider options that were characterized as having moderate to high long-term viability, lower 
unit cost alternatives were excluded, which also had the effect of lowering total potential yield. 
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Portfolio C is similar in cost range to Portfolio B, except under the GCM Projected scenario, 
where it is less expensive largely due to the exclusion of some options that are only triggered 
under more-challenging water supply conditions within Portfolios A and B. Within Portfolio C, 
the emphasis on options characterized as having low energy needs might come at the expense of 
yield certainty. The purpose of exploring these differences is not to identify a “best” portfolio or 
strategy, but to acknowledge that there are various ways to address the supply and demand 
imbalance and that each has associated implications that must be considered in future planning 
and decision-making processes. 
FIGURE 29 
Total Annual Cost by Supply Scenario Resulting from Implementation of the Portfolios over Time  

 
The spread between the 25th and 75th percentile is indicated by shading. The 10th and 90th percentile values are indicated by the 
x’s. 
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The intersections of cost, characteristics, and performance bound the discussion of portfolios and 
highlight the strategies used to craft each. Tradeoffs also exist with respect to portfolio costs, and 
these differ depending on the specific future conditions.As shown in figure 30, the annual cost, in 
2012 dollars, for implementing the portfolios ranges from approximately $2.5 billion to $3.5 
billion in the year 2060 when considering the median of the Observed Resampled supply 
sequences, and from $3.6 billion to $5.8 billion when considering the median of the Downscaled 
GCM Projected supply sequences. The inter-quartile ranges of cost are significantly larger. 
However, because of the appraisal-level option cost estimating used in the Study, the cost values 
contain additional uncertainty not directly reflected in these estimates.  

When considering how the portfolios perform in stressing hydrologic conditions often associated 
with critical water delivery reliability vulnerabilities, the differences among the portfolios in 
terms of costs and ability to reduce vulnerability are more apparent. As conditions become less 
favorable, such as in the “Lowest Streamflow” subset of sequences (figure 30, bottom row), 
Portfolios C and A perform the best with respect to the Upper Basin Vulnerability and Portfolios 
B and A perform the best with respect to Lower Basin Vulnerabiltiy.  

Portfolio C both performs better than Portfolios B and D in terms of reducing this vulnerability 
and has a lower range of costs than Portfolios A and B. For the Lower Basin Vulnerability, 
however, Portfolio B reduces vulnerability more than Portfolios C and D and also costs less than 
Portfolio A. 

Portfolios were also evaluated for which options were implemented for each dynamic portfolio. 
Figure 31 shows the implementation frequency through time for options in each portfolio. Many 
options are common among all portfolios, but the frequency of use informs how each portfolio 
resolves the imbalance in a slightly different manner. The small vertical black line indicates the 
earliest possible date that the option could be available, assuming project feasibility is initiated 
today. Options that are implemented with high frequency shortly after becoming available 
suggest that investigation in the near future may be prudent due to the simulated short delay 
between availability and selection. In the case of Portfolio A and Portfolio C, conservation is 
implemented as soon as available in order to generate water for the Upper Basin bank. These are 
not triggered by signposts, but rather are assumed to be in place ahead of time to make this 
preventive strategy effective. In a broad sense, options such as agricultural conservation and 
transfers and M&I conservation are considerably relied upon in each portfolio because they are 
available early to address many vulnerabilities. However, as conditions become more 
challenging and the imbalance widens, there is also need for other options, such as desalination, 
reuse, and importation that may only be available in the longer term. 
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FIGURE 30 
Portfolio Cost and Percent of Upper Basin (left) and Lower Basin (right) Vulnerability for 2041–2060, by Supply Scenarios and 
Lowest Sequences 

 
(1) Conditions in which long-term mean natural flows are less than 14 mafy and the 8-year dry period flows are less than 11 mafy. 
(2) Marker indicates the 50th percentile result and the bounds represent 25th and 75th percentile results. 
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FIGURE 31 
Frequency of Option Implementation (percent of traces) for Each Portfolio 
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Through evaluation of the option implementation results across and within portfolios, the 
following findings can be summarized:  

• Options that were frequently implemented and with a short delay from their first 
availability date: M&I Water Water Conservation (for all portfolios); Agricultural Water 
Conservation and Weather Modification (for Portfolio B); Energy Water Use Efficiency 
(for Portfolios A and B). Implementation of these options was common across portfolios 
and may require advanced planning as illustrated by the short delay in model 
implementation. 

• Options that were frequently implemented and with a short delay under the Low 
Streamflow conditions (long-term flow less than 15 mafy and drought less than 13 mafy): 
Salton Sea Drainwater Desalination; Agricultural Water Conservation (all portfolios); 
Municipal Wastewater Reuse (Portfolio C and D). Implementation of these options was 
common across portfolios with short delay under low streamflow conditions. These 
options may also need advanced planning in order to hedge against these challenging 
conditions. 

•  Options that were frequently implemented and with short delay under the lowest 
streamflow conditions (long-term flow less than 14 mafy and drought less than 11 mafy): 
Desalination of Brackish Water in the Yuma Area; Missouri River Imports (Portfolios A 
and B). These options may only require advanced planning to hedge against the more 
severe conditions. 

•  Options that were frequently implemented, but with a longer delay under the Low 
Streamflow conditions (long-term flow less than 15 mafy and drought less than 13 mafy) 
include: Gulf of California Ocean Desalination, Pacific Ocean Desalination in California, 
Grey Water Reuse, and Dust Control, and Treatment of Local-Coal Bed Methane 
Produced Water. These options may allow for some delay in implementation. 

8.2 Summary of the Evaluation of Options and Strategies 
The system reliability analysis with options and strategies demonstrated that all portfolios have 
capacity to reduce vulnerabilities across resources and in doing so, making a sizeable reduction 
in the supply-demand imbalance. In the 2012 through 2026 period, reductions in vulnerabilities 
tend to be small, owing to generally low risks and lesser option availability in the near-term. In 
the latter two time windows, vulnerability reductions of 50 percent or more (relative to Baseline 
results) are seen in all resource categories. The one exception is the flood control indicator 
metric. A consequence of increased Basin yield and greater storage in reservoirs is a slight 
increase in flood control vulnerabilities.  

The four portfolios explored in the Study were shown to significantly reduce Upper and Lower 
Basin vulnerabilities, but implemented different strategies. Of the four strategies and associated 
portfolios considered, notable differences extend beyond portfolio performance. Portfolio cost is 
driven by the total potential yield considered in the portfolio, the unit cost of the options, and the 
water supply and water demand conditions for which the portfolio was evaluated. As such, by 
2060, annual portfolio costs range from approximately $2 billion to $5 billion, but could increase 
to potentially $7 billion under the Downscaled GCM Projected scenario. The differences in cost 
across portfolios result from the preference of option types versus increased ability to reduce 
vulnerabilities. Two examples of this are portfolio preferences for options with higher long-term 
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reliability and preferences for lower environmental impacts. By choosing to only consider 
options that were characterized as moderate to high long-term viability, lower unit cost 
alternatives may be excluded, but the options increased the total potential yield. In contrast, 
options characterized as having lower potential environmental impacts may come at the expense 
of yield certainty. The purpose of exploring these differences is not to identify a “best” portfolio 
or strategy, but to acknowledge that there are various approaches to address the future supply and 
demand imbalance and that each has associated implications that must be considered in the 
decision making process.  

Although the portfolios explored in the Study address water supply and demand imbalances 
differently, there are commonalities across the options implemented for each portfolio. All of the 
portfolios incorporate significant agricultural water conservation, M&I water conservation (1 
maf each of both additional M&I and agricultural conservation was implemented in all 
portfolios), energy water use efficiency, and some levels of weather modification. However, 
some options were implemented more frequently in response to challenging water supply 
conditions. For example, ocean and brackish water desalination, wastewater reuse, and 
importation options were implemented for the most challenging water supply conditions in 
portfolios in which they were included.  Future planning will require careful consideration of the 
timing, location, and magnitude of anticipated future Basin resource needs.  

9.0 Study Limitations 
As stated previously, the focal questions being addressed by the Study were:  

• What is the future reliability of the Colorado River system to meet the needs of Basin 
resources through 2060? 

• What are the options and strategies to mitigate future risks to these resources? 
Although the technical approach of the Study was based on the best science and information 
available, as with all studies, there are limitations. 

The detail at which results are reported or the depth to which analyses were performed in the 
Study was limited by the availability of data, methods, and the capability of existing models. 
Many of these limitations could not be overcome for purposes of the Study because of time and 
resource constraints. In some cases, these limitations presented opportunities for additional 
research and development and the improvement of available data. These opportunities will be 
pursued in efforts independent of the Study. Limitations exist in the areas noted below.  

9.1 Treatment of Lower Basin Tributaries 
For four of the inflow points below Lees Ferry (the Paria, Little Colorado, Virgin, and Bill 
Williams rivers), CRSS uses historical inflows (not natural flows) based on USGS streamflow 
records. In addition, the Gila River is not included in CRSS. 

Many Colorado River planning studies have been completed over the past two decades where 
this treatment of the major Lower Basin tributaries was used; however, questions regarding the 
adequacy of the treatment of the Lower Basin tributaries in CRSS for the Study arose during the 
phases focused on assessing future water supply and demand. The current treatment of these 
tributaries limited the ability of the Study to fully assess the natural supply of the Basin, and the 
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data and methodological inconsistencies present in the CU&L Reports limited the ability of the 
Study to gain a more-complete understanding of historical consumptive use in the Basin.  

Despite these limitations, other approaches were taken in the Study to examine several important 
issues, including potential climate change impacts on the tributaries represented in CRSS, future 
demand scenarios on those tributaries, and future demand scenarios for the Colorado River from 
the Gila River Basin, factoring in other water supplies within that basin.  

Reclamation will engage in efforts to: (1) resolve and correct, in collaboration with the Basin 
States, the methodological and data inconsistencies in the CU&L Reports pertaining to all of the 
Lower Basin tributaries; (2) develop natural flows for the Little Colorado, Virgin and Bill 
Williams rivers and modify CRSS to use natural flows for those tributaries; and (3) explore the 
feasibility and usefulness of computing natural flows for the Gila River Basin and the feasibility 
and usefulness of adding that basin to CRSS. Refer to Technical Report C – Water Demand 
Assessment, Appendix C11 – Modeling of Lower Basin Tributaries in the Colorado River 
Simulation System for a more-detailed discussion of these issues. 

9.2 Treatment of Agricultural Land Use in Water Demand Scenarios 
The water demand storylines were developed by the Water Demand Sub-Team which included 
participation from a broad range of stakeholders. The sub-team developed storylines based on 
key driving forces that represented a range of plausible futures regarding future demand. 
However, the assumptions in some storylines with regard to these driving forces resulted in the 
same directional changes in demand across the storylines. For example, the assumptions of 
continued conversion of agricultural land use to urban land use and lower-economic value crops 
being phased out in some areas led to overall agricultural land use (i.e., the number of irrigated 
acres) decreasing over time over all scenarios. Given recent projections of increased agricultural 
productivity necessary to meet future food needs, plausible futures should include increases in 
land use.   

The application of a scenario planning approach to project future Basin-wide demand represents 
a new paradigm in the Basin and a significant advancement in Basin long-term planning. 
Reclamation and the Basin States are committed to continued refinement of scenario planning as 
part of a robust long-term planning framework for the Basin. 

9.3 Ability to Assess Impacts to Basin Resources 
The ability to assess impacts to Basin resources was limited by the spatial and temporal detail of 
CRSS. Described further in Technical Report D – System Reliability Metrics, some metrics have 
limitations in their ability to be assessed quantitatively and in some cases were assessed 
qualitatively. For example, CRSS tracks shortages in the Upper Basin when the flow is 
insufficient to meet the local demands as opposed to simulating the complex water rights system 
in each state that would be needed to appropriately model shortages to individual water rights 
holders and the lack of model representation of individual tributaries. This representation 
affected the ability of the Study to assess the impacts to deliveries in the Upper Basin. Another 
example is that several ecological resources metrics were evaluated through approximations at 
larger spatial scales and longer timesteps (e.g., monthly versus daily) than preferred or required 
for more-detailed assessments. 
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In some cases, particular modeling assumptions limited the detailed analysis of certain metrics. 
For example, when water is supplied to the system in the manner assumed to determine the Lee 
Ferry defecit, the uncertainty regarding metric results increases, particularly in the Upper Basin. 
However, due to the infrequent occurrence of a Lee Ferry deficit across all traces, these results 
are not disregarded. This uncertainty, however, should be considered carefully when viewing 
metric results, particularly in the Upper Basin, that have been impacted by this modeling 
assumption. 

9.4 Options Characterization Process 
The process undertaken to characterize options to help resolve potential water supply and 
demand imbalances strived to maintain an objective and consistent evaluation of the options. 
Several iterations of the option characterization were performed in an attempt to normalize 
ratings wherever possible. However, several limitations were inherently associated with the 
characterization of the over 150 options received. The limitations identified during the 
characterization process include the following:  

• Limited Level of Analysis. The intent of the characterization was to perform a high-level 
analysis of a broad range of options potentially available to resolve Basin imbalances. This 
high-level analysis added the risk that not all of the potential costs and benefits of the options 
were considered. A detailed assessment by individual location for most of the distributed 
options (e.g., M&I water conservation, agricultural water conservation, and reuse) was 
beyond the scope of the Study.  

• Potential for Subjectivity. The classification system used in the characterization process was 
relatively prescriptive; however, there was still some room for subjectivity when considering 
each option. Not all participants in the Study were in agreement with all ratings, but it was 
recognized that future efforts beyond the Study will result in a more in-depth assessment of 
the options.  

• Uncertainty. The characterization was performed based on limited and high-level analyses. 
Therefore, knowledge of items such as costs, permit requirements, and long-term feasibility 
was highly uncertain. For example, cost estimates for infrastructure-type projects were based 
on past similar projects with adjustments for parameters such as scale and location. Similar 
statements can be made related to uncertainty with characterization of the other option 
criteria. 

9.5 Consideration of Options  
Due to the legal, regulatory, and sometime technical complexity of the options submitted, not all 
categories of options submitted underwent a quantitative assessment. As such, portfolios were 
largely limited to groups of options that lend themselves to modeling implementation within the 
Study’s timeframe, i.e. those that increase supply or reduce demand, with the exception of the 
Upper Basin water bank concept.  The options modeled in CRSS do not necessarily reflect the 
entire range of innovative options and strategies that should continue to be explored in future 
efforts.  



Study Report 

December 2012 SR-77 

10.0 Future Considerations and Next Steps 
Colorado River water managers and stakeholders have long understood that growing demands on 
the Colorado River system, coupled with the potential for reduced supplies due to climate change 
may put water users and resources relying on the river at risk of prolonged water shortages in the 
future. The magnitude and timing of these risks differ spatially across the Basin, particularly 
those areas where demand is at or exceeds available supply, are at a greater risk than others. The 
Study builds on earlier work and is the next significant step in developing a comprehensive 
knowledge base and suite of tools and options that will be used to address the risks posed by 
imbalances between Colorado River water supply and resource needs in the Basin.  

The Study confirms that the Colorado River Basin faces a range of potential future imbalances 
between supply and demand. Addressing such imbalances will require diligent planning and 
cannot be resolved through any single approach or option. Instead, an approach that applies a 
wide variety of ideas at local, state, regional, and Basin-wide levels is needed. The Study’s 
portfolio exploration demonstrated that implementation of a broad range of options can reduce 
Basin resource vulnerability and improve the system’s resiliency to dry hydrologic conditions 
while meeting increasing demands in the Basin and adjacent areas receiving Colorado River 
water.  

The Study is ultimately a call to action. The potential improvements in system performance and 
enhanced resiliency resulting from the portfolio analysis is encouraging, however a very long 
lead time is required to implement many of the portfolio options.  When considering the potential 
onset of critical imbalances as early as 2025, it is imperative that the processes to further these 
concepts must begin in the near future.  The next steps to begin these actions must be done 
collaboratively and continue to facilitate and build upon the broad, inclusive stakeholder process 
demonstrated in the Study.  

The call to action must be answered by all stakeholders that rely on the Colorado River or its 
tributaries.  Given the uncertainty associated with future conditions in the Basin, the ability to 
increase water supply reliability is even more important.  There is no one option or one path that 
will provide certainty for the future water supply and rivers of the Basin.  Responding to the 
uncertainty will require understanding all potential options and taking action must be the 
responsibility of all stakeholders.  The political will to take necessary action must be directed 
towards a credible process to create solutions which examines the trade-offs of using various 
options while seeking to meet a range of Basin resource goals.  As the next steps are taken, all 
stakeholders must be involved in considering future options and strategies and all evaluation and 
analysis of these options must be done with a high level of transparency with independent 
scientific review and opportunities for public comment. 

The following sections describe those areas where additional steps should be taken following 
completion of the Study. These areas and recommended future actions are presented thematically 
and were developed cooperatively by Reclamation, the Basin States, tribes, and various 
conservation organizations.  

Water Use Efficiency and Reuse 
Further efforts to improve water use efficiency in the M&I, agricultural and energy sectors were 
a common element across all Study portfolios in providing a cost-effective solution for resolving 
imbalances in the near-term.  This is an area that municipalities and entities in the agricultural 
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sector have been and will continue to pursue.  The approach taken by the Study to determine the 
potential for conservation in these sectors and their respective costs was at a Basin-wide level.  
Although appropriate for the Study, this approach does not reflect the important local differences 
in conservation potential nor does it reflect the legal issues associated with the various state 
water right policies.  A key issue to be explored is the significant uncertainty related to the 
potential magnitude of conservation included in the Study. 

A recommended next step is to establish workgroups associated with municipal conservation, 
agricultural conservation, energy conservation, and reuse. These workgroups would be convened 
by Reclamation.  The purpose of the workgroups would be to identify existing programs, 
projects, and policies applied to municipal, agricultural, reuse, and energy sector conservation 
and the distribution of those programs across water users throughout the Study Area.  The goal 
of these workgroups would be to consider new opportunities and programs, and potentially to 
develop a scope of work for feasibility-level studies to develop new approaches to encourage 
conservation that address key uncertainties and financial impacts. The groups' objectives will 
include focusing on water use efficiency at a local level, the application of approaches 
appropriate for different locations and regions, and exploring innovative and cost-effective ways 
to encourage increased water use efficiency and reuse opportunities with the goal of 
recommending the implementation of solutions resulting in cost-effective water savings and 
reuse.  

Reclamation’s WaterSMART program provides several opportunities that could be used to 
further study and implement water conservation and reuse options. Through WaterSMART 
grants, funding could be made available for projects that save water or improve energy 
efficiency. The criteria for administering these grants could be modified to give preference to 
activities that build upon Basin Study outcomes. Through the WaterSMART Title XVI – Water 
Reclamation and Reuse Program funding could be made available for planning studies and the 
construction of water recycling projects. 

Water Banks 
Water banks are a flexible and innovative solution to avoiding imbalances. Both intrastate and 
interstate water banking occurs within the Lower Basin.  In the Study, a conceptual Upper Basin 
water bank was explored where the benefit was twofold: 1) the bank provided increased 
flexibility in the Upper Basin to mitigate risk of potential future Lee Ferry deficits and 2) the 
water generated through conservation for the bank enhanced ecological and recreational 
resources as it was routed to a conceptual storage facility. Although there are significant legal, 
policy, and institutional challenges associated with potential banking options, the potential 
benefits associated with this option suggest that additional exploration and analysis of this 
concept may be warranted. 

Presently, some of the Upper Division States are exploring the feasibility of water banking 
concepts within the Upper Basin. A recommended next step is to continue to work with 
stakeholders in the Upper Basin regarding water banking concepts. Reclamation is committed to 
exploring creative and flexible ways to use storage facilities and other Reclamation 
infrastructure, consistent with authorized purposes and the Law of the River, in an attempt to 
accommodate appropriate water banking options.  Moreover, the Upper Division States will 
engage in a broader conversation with the Lower Division States and other stakeholders, at the 
appropriate time, to discuss how an Upper Basin water bank would operate. 
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Water Transfers 
In terms of reducing demands and as conservation options, water transfers were also 
demonstrated through the Study portfolios as being an important tool for resolving imbalances in 
the near and long-term. Voluntary water transfers can have many potential benefits and in 
particular promote flexibility in adapting to uncertain future conditions. Many of the Basin States 
have been utilizing voluntary water transfers within their respective states to meet water 
management challenges and will continue to look to transfers as an important solution. Although 
negative impacts can be associated with certain types of water transfers, such as permanent dry-
up of agricultural land, innovative strategies can be employed to avoid these impacts and are 
being explored by many states. The Western Governors’ Association’s (WGA) recent report on 
water transfers identifies innovative approaches and specific steps that states can consider in 
order to improve water transfer outcomes (WGA, 2012). Reclamation will engage with the Basin 
States as appropriate to improve opportunities for water transfers and develop third party impact 
reduction and mitigation techniques that can be applied throughout the Basin. 

Water Supply Augmentation 
Large-scale water supply augmentation projects could provide additional reliable water to meet 
future demands, although such projects face significant permitting challenges and currently are 
both expensive and energy intensive.  The assessments of large-scale water supply augmentation 
projects conducted in the Study were strictly at an appraisal level; additional study is needed to 
better understand the appropriate timing of investments, effectiveness, and tradeoffs.  

Recommended next steps include identifying and defining appropriate feasibility-level studies 
for large-scale augmentation projects most likely to overcome the challenges previously noted.  
Prior to conducting feasibility-level studies, key stakeholders would come together to review 
scopes of work and develop funding and cost-sharing for the studies. 

Watershed Management 
There were a number of watershed management activities that were explored in the Study. Two 
of these activities were weather modification and vegetation management.  Weather modification 
is inexpensive and has the potential to increase the Basin’s supply. Several of the Basin States 
have funded weather modification activities on an ongoing basis for many years. Nevertheless, 
significant uncertainty exists related to the effectiveness of snowpack augmentation activities to 
increase available water supply. In addition, there is also significant uncertainty related to the 
long-term reliability of the option due to its reliance on current weather patterns, which may not 
persist under climate change scenarios.  Enhanced understanding of weather modification is 
needed including the certainty of measured efficacy within targeted watershed.  

Recommended next steps include the application of existing operational experience and research 
to identify target watersheds for snowpack augmentation activities, and continuation of research 
to reduce water supply yield uncertainties.  

Vegetation management activities are ongoing at the state and local level.  Most of these 
activities occur with the help of local partners, such as the Tamarisk Coalition.  These activities 
should continue and be encouraged into the future.     

Mitigation of dust on snow as an opportunity to increase water supply is a relatively new 
concept, and bears further exploration with federal partners including the Bureau of Land 
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Management.  A dialogue among the relevant federal agencies and the appropriate Landscape 
Conservation Cooperatives (LCC) should be initiated to better understand the origins and 
mitigation options for managing dust on snow. 

Tribal Water 
The Indian Reserved Water Rights of the tribes of the Colorado River Basin are unique and have 
attributes that must be recognized under federal law and distinguished from state law water 
rights.  The Indian Reserved Water Rights of the tribes of the Colorado River Basin account for 
approximately 2.9 million acre-feet of annual diversion rights of the total apportionment of the 
Colorado River in the United States.  The Study does not fully account for Tribal water demand 
nor reflect the potential use of tribal water by others nor show the potential impact on the Basin 
water supply if a substantial amount of the presently unused or unquantified tribal water is used 
by the tribal water rights holders prior to 2060.  

Working together with the Tribes, and recognizing the unique attributes of Indian Reserved 
Water Rights, Reclamation acknowledges that the outcome of tribal water settlements must be 
accounted for in Reclamation’s analysis of water supply and demand, in order to accurately 
project imbalances in the Colorado River Basin.  Indian Reserved Water Rights are unique under 
federal law, they are held in trust by the United States for the benefit of Tribes, and thus a trust 
obligation exists to protect those rights. 

In particular, CRSS was intended to evaluate water availability in the Upper Basin and Lower 
Basin and potential water supply and demand imbalances through 2060.  Reclamation 
acknowledges that the Study results are limited in their ability to fully account for the effects of 
tribal reserved water rights on projected supply and demand imbalances, in light of the unique 
attributes of those rights.  The Study does, however, summarize quantified tribal water rights in 
Technical Report C – Water Demand Assessment, Appendix C9 – Tribal Water Demand 
Scenario Quantification, but Reclamation does not intend that the current Study be used to assess 
the future impacts to tribal water use in the Basin.   

In light of the foregoing, and in recognition of the Federal Government’s continued trust 
obligation to work with members of the Ten Tribes Partnership to protect their Tribal Reserved 
Water Rights, Reclamation and the Ten Tribes Partnership are committed to joint future planning 
efforts that build on the scientific foundation of the current Study and advance critical 
information beyond the limited assessment of tribal water in the Study.  Future Reclamation 
planning efforts should include a study capable of evaluating full tribal development, control, 
and protection of tribal water resources in the Basin. This study should be conducted jointly by 
Reclamation and the Ten Tribes Partnership with involvement by interested stakeholders 
including the Basin States.  Considerations should include water banking, voluntary water 
transfers, improved efficiencies, re-use opportunities, underground storage, and other options.  
These options may aid tribal and non-tribal users with developing options not presently available 
to respond to supply and demand uncertainty in the decades to come.  

Reclamation also recognizes the importance of continued dialogue with respect to tribal matters 
at a regional and local level.  In particular, several issues were identified by the Inter Tribal 
Council of Arizona in their option submission to the Study and these issues warrant further 
discussion.  These issues are described in Technical Report F – Development of Options and 
Strategies, Appendix F13 – Options Submitted by the Ten Tribes Partnership and the Inter Tribal 
Council of Arizona.  Reclamation is committed to participating actively in discussions with tribal 
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leaders, continuing to seek resolution on these issues, and exploring opportunities that will bring 
the tribal perspective to bear in enhancing the management of the Basin resources. 

Environmental Flows 
The Study recognized the importance of considering river flows to support flow and water 
dependent ecological systems, power generation, and recreation, through its adoption of metrics 
used to approximate the performance of these resources, the inclusion of an Enhanced 
Environment water demand scenario, and the inclusion of a conceptual Upper Basin water bank 
the objective of which specifically includes improving the performance of ecological and 
recreational resources. Although these activities resulted in a good first step towards 
incorporating the needs of flow and water dependent ecological systems and exploring concepts 
to better meet those needs under a range of future conditions, exploring ways to meet ecological 
and recreational needs should continue beyond the completion of the Study.  Future efforts 
should strive to better understand and quantify the needs of these systems, better reflect those 
needs in a modeling framework, and further explore solutions considered in the Study as well as 
others that promote the protection and improvement of environmental and recreational flows. 
The solutions should be explored in conjunction with those that support other management goals 
and decisions as to achieve integrated water management solutions that benefit multiple uses. 

Recommended next steps focus on identifying potential enhancements to CRSS to improve the 
modeling of ecological, recreational, and power generation flow needs. Through an LCC grant in 
which The Nature Conservancy is the principal investigator, a workshop will be held in late 
summer 2013 to explore and recommend modeling improvements to appropriately consider 
recreational and environmental flow needs.  Reclamation and the Basin States are committed to 
considering the recommendations that come from this workshop and to continue the dialogue 
with interested stakeholders to explore opportunities to include recreational and environmental 
flow needs in future water management decisions.  This dialogue will be continued through the 
formation of an exploratory work group of interested stakeholders to identify and assess options 
that provide multiple benefits to improve flow and water dependent ecological systems, power 
generation, and recreation. The intent of this work group is not to focus on new regulatory 
requirements, but rather to identify opportunities for infrastructure, operations, and transactions 
that could reduce projected vulnerabilities resulting from future supply and demand imbalances. 

Data and Tool Development 
CRSS was the primary modeling tool utilized in the Study. Originally developed to model Lake 
Powell and Lake Mead operations, the Study demonstrated the need to improve the spatial 
resolution of CRSS, particularly in the Upper Basin. Improvements to CRSS are needed to better 
support future endeavors identified in these next steps, such as analysis of Upper Basin water 
banking concepts, enhanced modeling of environmental flows, and exploring tribal water 
development and options to resolve imbalances related to tribal water. The scoping and design of 
these improvements will occur through Reclamation’s Stakeholder Modeling Workgroup. This 
work will begin within a year of completion of the Study and may build on recommendations 
from the LCC workshop discussed above.  

The Study has resulted in enhanced tools and datasets for water resource planning in the Basin. 
The Basin States will work with Reclamation to evaluate the ability to use the tools developed 
for the Study and update water demands and supply scenarios on a five-year timeframe. The 
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Basin States will work with Reclamation to support improvements in the Study’s input 
information, modeling and analytical tools. The Basin States will also work with Reclamation in 
fulfilling the commitments regarding the Lower Basin tributaries specifically described in 
Technical Report C – Water Demand Assessment, Appendix C11 – Modeling of Lower Basin 
Tributaries in the Colorado River Simulation System. 

Climate Science Research 
The Study used the best available science at the time it was initiated. Nonetheless, climate 
science is rapidly evolving and a new set of GCM projections will soon be available. Next steps 
include prioritizing the research agenda of Reclamation’s Hydrology Work Group to advance the 
technical foundation established by the Study regarding the use of climate projections in future 
studies. 

Partnerships 
The collaborative approach adopted by the Study was paramount to its success. Next steps 
should be taken in ways that build on its momentum and dialogue to increase the effectiveness of 
partnership responses when new challenges and opportunities arise.  As in the past, the Federal 
Government can provide a leadership role in appropriate processes to facilitate this dialogue.  

11.0 Summary of Next Steps 
In recognition of their ongoing joint commitment to future action, Reclamation will convene the 
Basin States along with tribes, other Colorado River water entitlement holders, conservation 
organizations, and other interested stakeholders in early 2013 to conduct a workshop to review 
the recommended next steps and initiate actions to implement next steps to resolve the current 
and potentially significant future imbalances in the Colorado River system. In early 2013 
Reclamation will also consult and work with tribes regarding tribal water issues reflected in this 
report. 
In summary, there are several future actions that must take place to move closer towards 
implementing solutions to resolve imbalances in the Basin.  First, significant uncertainties related 
to water conservation, reuse, water banking, and weather modification concepts must be resolved 
in order to adequately implement these approaches.  Second, costs, permitting issues, and energy 
availability issues relating to large-capacity augmentation projects need to be identified and 
investigated through feasibility-level studies.  Third, opportunities to advance and improve the 
resolution of future climate projections should be pursued and enhancements to the operational 
and planning tools used in the Colorado River system to better understand the vulnerabilities of 
the water-dependent uses, including environmental flows, should be explored.  Fourth, as 
projects, policies, and programs are developed, consideration should be given to those that 
provide a wide-range of benefits to water users and healthy rivers for all users. 
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Disclaimer 

The Colorado River Basin Water Supply and Demand Study (Study) is funded jointly by the Bureau of 
Reclamation (Reclamation) and the seven Colorado River Basin States (Basin States). The purpose of 
the Study is to analyze water supply and demand imbalances throughout the Colorado River Basin and 
those adjacent areas of the Basin States that receive Colorado River water through 2060; and develop, 
assess, and evaluate options and strategies to address the current and projected imbalances.  
Reclamation and the Basin States intend that the Study will promote and facilitate cooperation and 
communication throughout the Basin regarding the reliability of the system to continue to meet Basin 
needs and the strategies that may be considered to ensure that reliability. Reclamation and the Basin 
States recognize the Study was constrained by funding, timing, and technological and other limitations, 
and in some cases presented specific policy questions and issues, particularly related to modeling 
and interpretation of the provisions of the Law of the River during the course of the Study. In such 
cases, Reclamation and the Basin States developed and incorporated assumptions to further complete 
the Study. Where possible, a range of assumptions was typically used to identify the sensitivity of the 
results to those assumptions. 
Nothing in the Study, however, is intended for use against any Basin State, any federally recognized 
tribe, the federal government or the Upper Colorado River Commission in administrative, judicial or 
other proceedings to evidence legal interpretations of the Law of the River. As such, assumptions 
contained in the Study or any reports generated during the Study do not, and shall not, represent a legal 
position or interpretation by the Basin States, any federally recognized tribe, federal government or 
Upper Colorado River Commission as it relates to the Law of the River. Furthermore, nothing in the 
Study is intended to, nor shall the Study be construed so as to, interpret, diminish or modify the rights 
of any Basin State, any federally recognized tribe, the federal government, or the Upper Colorado River 
Commission under federal or state law or administrative rule, regulation or guideline, including without 
limitation the Colorado River Compact (45 Stat. 1057), the Upper Colorado River Basin Compact (63 
Stat. 31), the Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande, Treaty 
Between the United States of America and Mexico (Treaty Series 994, 59 Stat. 1219), the United 
States/Mexico agreement in Minute No. 242 of August 30, 1973 (Treaty Series 7708; 24 UST 1968), or 
Minute No. 314 of November 26, 2008, or Minute No. 318 of December 17, 2010, or Minute No. 319 
of November 20, 2012, the Consolidated Decree entered by the Supreme Court of the United States in 
Arizona v. California (547 U.S 150 (2006)), the Boulder Canyon Project Act (45 Stat. 1057), the 
Boulder Canyon Project Adjustment Act (54 Stat. 774; 43 U.S.C. 618a), the Colorado River Storage 
Project Act of 1956 (70 Stat. 105; 43 U.S.C. 620), the Colorado River Basin Project Act of 1968 
(82 Stat. 885; 43 U.S.C. 1501), the Colorado River Basin Salinity Control Act (88 Stat. 266; 43 
U.S.C. 1951) as amended, the Hoover Power Plant Act of 1984 (98 Stat. 1333), the Colorado River 
Floodway Protection Act (100 Stat. 1129; 43 U.S.C. 1600), the Grand Canyon Protection Act of 1992 
(Title XVIII of Public Law 102-575, 106 Stat. 4669), or the Hoover Power Allocation Act of 2011 
(Public Law 112-72). In addition, nothing in the Study is intended to, nor shall the Study be construed 
so as to, interpret, diminish or modify the rights of any federally recognized tribe, pursuant to 
federal court decrees, state court decrees, treaties, agreements, executive orders and federal trust 
responsibility. Reclamation and the Basin States continue to recognize the entitlement and right of 
each State and any federally recognized tribe under existing law, to use and develop the water of the 
Colorado River system. 
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Appendix 1 — Plan of Study 

Note: This document was originally published with two attachments which are not included in this appendix. 

1.0 Introduction 
The Bureau of Reclamation’s Upper Colorado and Lower Colorado Regions (UC and LC 
Regions), in collaboration with representatives of the seven Colorado River Basin States (Basin 
States1), submitted a proposal in June 2009 to fund the Colorado River Basin Water Supply and 
Demand Study (Study) under the Basin Study Program (Program). In September 2009, the Study 
was selected for funding under the Program. The estimated total cost of the Study is $2 million, 
with an equal cost-share of 50 percent by Reclamation and 50 percent by agencies in the Basin 
States (the non-Federal Cost-Share Partners). The Study will be conducted over a period of two 
years, beginning in January 2010.  

This Plan of Study contains: the Study’s purpose and objectives; a description of the Study 
management structure; a description of the major phases of the Study and a breakdown of the 
major tasks in each phase; a plan for public involvement throughout the Study (Attachment 1); 
and the June 2009 proposal (Attachment 2). 

1.1 Study Purpose & Objectives 
The purpose of the Study is to conduct a comprehensive study to define current and future 
imbalances in water supply and demand in the Colorado River Basin (Basin) and the adjacent 
areas of the Basin States that receive Colorado River water for approximately the next 50 years, 
and to develop and analyze adaptation and mitigation strategies to resolve those imbalances. 

The Study will characterize current and future water supply and demand imbalances in the Basin 
and assess the risks to Basin resources. Resources include water allocations and deliveries 
consistent with the apportionments under the Law of the River2; hydroelectric power generation; 
recreation; fish, wildlife, and their habitats (including candidate, threatened, and endangered 
species); water quality including salinity; flow and water dependent ecological systems; and 
flood control. Specific objectives of the Study include: 

• Characterization of the current water supply and demand imbalances in the Basin including 
the assessment of the risks to Basin resources from historical climate variability. 

• Characterization of future water supply and demand imbalances under varying water supply 
and demand conditions in the Basin including the assessment of the risks to Basin resources 
from possible future impacts of climate change.  

• Identification of potential strategies and options to resolve Basin-wide water supply and 
demand imbalances including: 

                                                      
1 Arizona, California, Colorado, Nevada, New Mexico, Utah, and Wyoming. 
2 The treaties, compacts, decrees, statutes, regulations, contracts and other legal documents and agreements applicable to the allocation, 

appropriation, development, exportation and management of the waters of the Colorado River Basin are often referred to as the Law of the 
River. There is no single, universally agreed upon definition of the Law of the River, but it is useful as a shorthand reference to describe this 
longstanding and complex body of legal agreements governing the Colorado River. 
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− Modifications to the operating guidelines or procedures of water supply systems; 

− Modifications to existing facilities and development of new facilities; 

− Modifications to existing water conservation and management programs and 
development of new programs; 

− Modifications to existing water supply enhancement programs and development of new 
programs; and 

− Other structural and non-structural solutions. 

• Identification of potential legal and regulatory constraints and analysis of potential impacts to 
water users and Basin resources for the strategies and options considered. 

• Prioritization of identified strategies and options and the recommendation for potential future 
actions, including feasibility studies, Congressional authorization, environmental compliance 
activities, demonstration programs, and/or implementation as appropriate. 

1.2 Study Management 
Management of the Study by the UC and LC Regions and the non-Federal Cost-Share Partners 
will be accomplished as described in the following sections. 

1.2.1 Co-Study Managers 
One Co-Study Manager will be designated from Reclamation and one Co-Study Manager will be 
designated from the Non-Federal Cost Share Partners. The Co-Study Managers will sit on and 
lead the Steering Team. 

1.2.2 Steering Team 
The Steering Team will steer and guide the efforts of the Project Team such that the objectives of 
the Study are met in an effective, efficient manner, and within the Study’s financial and time 
constraints. The Steering Team will be comprised of one member from the UC Region, one 
member from the LC Region, one member from each Basin State, and one member from the 
Upper Colorado River Commission, for a total of 10 members.  

1.2.3 Project Team 
The Project Team will ensure that the tasks that relate to the Study are completed in a cost-
effective, timely manner and are technically sound. Members of the Project Team provide the 
expertise, experience, and knowledge that relate to the Study’s scope and objectives. Members 
include staff from the UC and LC Regions, staff from the non-Federal Cost-Share Partners, and 
staff from other entities who may be contracted to provide specific information, knowledge, and 
support. The Co-Study Managers will lead the Project Team. 

1.2.4 Sub-Teams 
Various Sub-Teams will be formed as needed to perform specific tasks. Sub-Team members 
provide specific expertise required to perform those tasks. Members are comprised of Project 
Team members, additional staff from the UC and LC Regions and the non-Federal Cost-Share 
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Partners, and staff from contracted entities. Membership may also include representatives from 
other groups with a particular expertise sought by the Sub-Team. 

1.2.5 Reclamation Management Structure 
To facilitate Reclamation’s oversight responsibilities and internal coordination, the proposed 
Study management structure includes a Reclamation Oversight Team (Oversight Team) and a 
Reclamation Study Team (Study Team). The Oversight Team provides oversight for the Study 
and will guide the efforts of the Study Team to ensure that the objectives of the Study are met 
within the financial and time constraints. Members of the Oversight Team are the Regional 
Directors of the UC and LC Regions and a senior member of the Office of Policy and 
Administration in Denver. Members of the Study Team include key staff from the UC and LC 
Regions. 

1.3 Study Schedule, Phases, & Products 
The Study will be technically oriented, incorporating information from the latest science, 
engineering technology, climate models, and innovations. The level of analysis of the strategies 
and options will be similar to an appraisal-level study to assist in justifying and preparing 
feasibility studies, Congressional authorization, environmental compliance activities, 
demonstration programs, and/or implementation as appropriate. 

1.3.1 Schedule 
The Study will be conducted over a period of two years, beginning in January 2010. The Study 
will consist of four major phases: Water Supply Assessment, Water Demand Assessment, 
System Reliability Analysis, and Development and Evaluation of Opportunities for Balancing 
Supply and Demand. The projected timeline for these phases is provided in figure 1. The 
projected Study milestones are listed in table 1. 
FIGURE 1 
Projected Study Timeline 
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1. Water Supply Assessment

2. Water Demand Assessment

3. System Reliability Analysis
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2nd Half 2011
Phase Name
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TABLE 1 
Projected Study Milestones 

Milestone Deliverable Description 

September 2010 Report describing findings from current and future water supply assessment 

September 2010 Report describing findings from current and future water demand assessment 

April 2011 Report describing findings from system reliability analysis 

August 2011 Report describing findings of opportunities analysis 

October 2011 Draft Study report and appendices available for review 

December 2011 Final Study report and appendices complete 

Development and review of the draft and final Study report will follow the completion of the 
fourth milestone as shown above.  

1.3.2 Phases 
Table 2 provides the tasks and sub-tasks associated with the major Study phases. 

TABLE 2 
Overview of Study Phases 
Phase 1. Water Supply Assessment. Assess the quantity and location of current and future water supplies 
throughout the Basin, including the potential effects of climate variability and climate change. Major tasks and sub-
tasks include: 

1.1 Review & Select Methods to Estimate Current Supply 
 1.1.1 Historic Observed Record 
 1.1.2 Paleo Record 
1.2 Review & Select Methods to Project Future Supply 
1.3 Conduct Assessment of Current Supply 
1.4 Conduct Assessment of Future Supply 
1.5 Enhance Modeling Capability as Needed to Incorporate Methods to Project Future Supply 
1.6 Conduct Sensitivity Analysis of Selected Methods to Project Future Supply 
1.7 Prepare Draft Interim Report 
1.8 Peer Review Report 
1.9 Prepare & Publish Interim Report 
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TABLE 2 
Overview of Study Phases 
Phase 2. Water Demand Assessment. Assess the quantity and location of current and future water demands, 
including the potential effects of climate variability and climate change. Major tasks and sub-tasks include: 

2.1 Review & Select Methods to Estimate Current Demands 
2.2 Review & Select Methods to Project Future Demands 
2.3 Conduct Assessment of Current Demands 
2.4 Assessment of Future Demands 
 2.4.1 Update State Demand Projections 
 2.4.2 Analyze Temperature Effects on Projected Use 
2.5 Enhance Modeling Capability to Better Represent Future Demands 
 2.5.1 Reservoir Evaporation 
2.6 Prepare Draft Interim Report 
2.7 Peer Review Report 
2.8 Prepare & Publish Interim Report 

Phase 3. System Reliability Analysis. Assess the capability of existing and proposed infrastructure and 
operations to meet future demands and water supply challenges. This analysis will include an assessment of the 
operational risk and reliability of the system currently and in the future. System reliability will be determined by 
describing the quantity and locations of supply/demand imbalances currently and in the future. Scenarios for 
baseline and future water supply and demand will be determined in Phases 1 and 2. Evaluate effectiveness of 
opportunities identified in Phase 4 in resolving imbalances. Major tasks and sub-tasks include: 

3.1 Identify Model & System Reliability Metrics 
3.2 Determine Baseline System Reliability 
 3.2.1 Determine Baseline Scenario Modeling Assumptions 
 3.2.2 Prepare Model to Simulate Baseline Scenario 
 3.2.3 Perform Model Simulations 
 3.2.4 Synthesize & Analyze Model Results 
 3.2.5 Summarize Model Results 
3.3 Project Future System Reliability 
 3.3.1 Determine Future Scenario Modeling Assumptions  
 3.3.2 Prepare Model to Simulate Future Scenarios 
 3.3.3 Perform Model Simulations 
 3.3.4 Synthesize & Analyze Model Results 
 3.3.5 Determine Modeling Assumptions for Supply/Demand Opportunities 
 3.3.6 Prepare Model to Simulate Future Conditions Under Supply/Demand Opportunities 
 3.3.7 Perform Model Simulations with Supply/Demand Opportunities 
 3.3.8 Synthesize & Analyze Model Results 
3.4 Prepare Draft Interim Report 
3.5 Peer Review Report 
3.6 Prepare & Publish Interim Report 
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TABLE 2 
Overview of Study Phases 
Phase 4. Development & Evaluation of Opportunities for Balancing Supply & Demand. Identify and quantify 
potential opportunities to address imbalances in supply and demand in order to best meet future challenges. This 
analysis will include the identification and development of both structural and non-structural opportunities. As 
opportunities are refined, an iterative modeling process will be used to determine future system reliability under 
conditions where selected opportunities are assumed to be developed and/or implemented. Opportunities include 
but are not limited to: operational changes, legal and institutional changes, water conservation and efficiency, land 
fallowing and retirement, conjunctive use, upgrades, rehabilitation or replacement of existing facilities, water 
recycling and reuse, desalination, development of new conveyance and storage facilities, weather modification, 
vegetation management, dust abatement efforts, groundwater remediation, urban runoff management, and 
importation projects. Major tasks and sub-tasks include: 

4.1 Develop Opportunities 
 4.1.1 Identify Opportunities 
 4.1.2 Determine Preliminary Opportunities for Evaluation 
 4.1.3 Analyze Opportunities (Preliminary) 
4.2 Evaluate & Refine Opportunities 
 4.2.1 Technical Feasibility 
 4.2.2 Uniform Cost Comparison 
 4.2.3 Environmental Impacts/Permitting Requirements 
 4.2.4 Economic and Socioeconomic Impacts 
 4.2.5 Legal and Public Policy Considerations 
 4.2.6 Risk and Uncertainty 
 4.2.7 Others 
 4.2.8 Assessment of Effectiveness 
 4.2.9 Potential Yield 
 4.2.10 Timeframe for Implementation 
 4.2.11 Agreements or Partnerships Needed 
 4.2.12 Cost Allocation 
 4.2.13 Siting 
4.3 Finalize Opportunities 
 4.3.1 Determine Ability of Opportunities to Resolve Imbalances  
4.4 Prepare Draft Interim Report 
4.5 Peer Review Report 
4.6 Prepare & Publish Interim Report 

 

Figure 2 illustrates the information transfer and coordination of tasks in the four major phases of 
the Study.  
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FIGURE 2 
Flowchart of Major Study Phases 

 
 

The first coordination occurs between Phases 1 and 2 and Phase 3 where the identification of the 
system reliability metrics in Task 3.1, in terms of spatial and temporal scale, depend upon the 
methods selected to project future supply and demand in Task 1.2 and Task 2.2. Baseline and 
future system reliability in Task 3.2 and Task 3.3, respectively, is determined based on the 
results of the assessment of current and future water supply and demand conditions in Task 1.3 
(and Task 2.3) and Task 1.4 (and Task 2.4). 

In Task 4.1, opportunities to resolve supply/demand imbalance will be identified considering the 
results of the projections of future system reliability in Tasks 3.3.1-3.3.4. The evaluation and 
refinement of those opportunities in Task 4.2 will be accomplished through re-projecting future 
system reliability under the identified opportunities in Tasks 3.3.5-3.3.8. After several iterations 
consisting of refining opportunities and projecting system reliability to determine the 
opportunities’ performance, opportunities will be finalized in Task 4.3. 
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1.3.3 Products 
The primary products of the Study will be interim written reports to be integrated into a final 
report that will include the following elements: 

• Assessment of quantity and location of existing and future water supplies and demands 
throughout the Basin, including the potential effects of climate variability and climate 
change, 

• Assessment of efforts currently being undertaken to reduce supply and demand imbalances 
throughout the Basin, 

• Analysis of supply and demand relationships and quantification of imbalances in specific 
locations throughout the Basin, 

• Development and evaluation of options for balancing supply and demand, 

• Findings and recommendations, 

• Description of methods and research processes, including assumptions, models and data used 
in the Study, and 

• Description of stakeholder involvement. 

Other expected outcomes include the identification of collaborative strategies through the 
Study’s stakeholder involvement process. 

1.3.4 Public Involvement Plan 
A Public Involvement Plan has been developed to ensure that all stakeholders in the Basin as 
well as the general public are informed and their input is sought and considered throughout the 
Study. The Public Involvement Plan is provided in appendix 4. 
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Appendix 2 — Previously Published Study 
Documents 

This appendix presents a list of Colorado River Basin Water Supply and Demand Study (Study) 
reports that were previously published.  Due to the inherent complexities of the Study and the 
many diverse interests and perspectives of the various stakeholders, interim reports and technical 
updates were published to reflect continual technical developments and the ongoing input of 
stakeholders.  

In June 2011, the Study published its first set of reports, Interim Report No. 1, which 
documented the Study’s progress through January 31, 2011.  This publication was comprised of 
six elements: 

• Executive Summary:  Provided a summary of the Interim Report. 

• Status Report:  Provided an overview of the Study and summaries of the Technical 
Reports. 

• Technical Report A – Scenario Development: Described the scenario planning 
approach used to incorporate uncertainty in future water supply and demand. 

• Technical Report B – Water Supply Assessment: Described the water supply scenarios 
and presented the analysis and comparison of those scenarios. 

• Technical Report C – Water Demand Assessment: Described the water demand 
scenarios currently under development and presented the historical consumptive use for 
the period 1971 through 2008. 

• Technical Report D – System Reliability Metrics: Described the metrics that have been 
identified for use in the assessment of reliability of the system to meet the needs of the 
resources under future supply and demand scenarios.  

In Decmeber 2011, the Study published a report during the initiation of the final phase of the 
Study: Development and Evaluation of Opportunities for Balancing Water Supply and Demand.  
This publication was comprised of one element: 

Phase 4: Development and Evaluation of Opportunities for Balancing Water Supply 
and Demand:  Provided relevant information to those interested in submitting input. 
This report also provided a background of the past studies that have assessed future 
imbalances and explored options and strategies, and described ongoing efforts for 
balancing supply and demand. 

In February 2012, the Study published updated reports to reflect the comments received on 
Interim Report No. 1, technical developments, and the ongoing input of stakeholders.  This 
publication was comprised of two elements: 

• Technical Report B – Water Supply Assessment: Described the water supply scenarios 
and presented the analysis and comparison of those scenarios. 
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• Technical Report D – System Reliability Metrics: Described the metrics that have been 
identified for use in the assessment of reliability of the system to meet the needs of the 
resources under future supply and demand scenarios.  

In May 2012, the Study published a memorandum that updated information regarding future 
water demand scenarios previously published in narrative or “storyline” format in Technical 
Report C – Water Demand Assessment.  This publication was comprised of one element: 

Technical Memorandum C – Quantification of Water Demand Scenarios:  Presented the 
quantification of those water demand scenarios, contained a summary of the process to 
quantify the scenarios, the resulting Colorado River demand across the scenarios, and 
updated the methods and results of assessing the potential effects of a changing climate on 
water demand. The appendices presented additional information specific to state and tribal 
demand as well as projected climate change impacts. 
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Appendix 3 — Summary of Past Colorado 
River Basin Planning Studies 

1.0 Introduction 
Throughout the 20th century, the challenges and complexities of ensuring a sustainable water 
supply and meeting future demand have been recognized. These challenges are documented in 
numerous studies conducted by the Bureau of Reclamation (Reclamation) and the Colorado 
River Basin States (Basin States 1) over the past 70 years. Studies done in the early half of the 
20th century were focused on development of Colorado River resources. Starting in the 1960s, 
Basin studies continued to focus on development, but with an eye towards water supply and 
demand imbalances and potential means of resolving those imbalances. There was an increasing 
emphasis on improving the efficiency of the operation of Colorado River reservoirs and 
increasing the level of predictability needed by entities that receive Colorado River water to 
better plan for and manage available water supplies. Studies following the comprehensive 
framework studies of the early 1970s have all acknowledged an imbalance between water supply 
and demand in the Colorado River Basin (Basin).  Most of these studies have not sought to 
explicitly quantify the imbalance, but rather have focused on potential solutions to various 
problems throughout the Basin, including the problems of water supply and demand imbalances, 
salinity, and federally recognized tribes (tribes) water rights, to name a few. In light of the 
attention given to some of these issues, institutional changes, such as interim operating criteria 
and the Consolidated Decree, have occurred. 

2.0 Studies 1946 - 1952 
Studies performed in the early half of the 20th century were focused on development of 
Colorado River resources. The studies coming out of this period led to legislation finalizing the 
rights of each of the seven Basin States to Colorado River water, and provided the foundation for 
development of storage projects throughout the Basin. The following sections summarize the 
studies to come out of this period. 

2.1 The Colorado River: A Comprehensive Report on the Development of the 
Water Resources of the Colorado River Basin for Irrigation, Power 
Production, and Other Beneficial Uses in Arizona, California, Colorado, 
Nevada, New Mexico, Utah, and Wyoming – 1946 

The purpose of this 1946 report by Reclamation was to provide a Basin-wide perspective for 
planning water development throughout the Basin. It provided an inventory of 134 potential 
projects, and was 

intended to serve as a medium through which Congress may be appraised of the 
potentialities for the development of the basin’s water resources and as a guide in 
the selection of projects that ultimately will comprise the comprehensive plan for 

                                                      
1 Arizona, California, Colorado, New Mexico, Nevada, Utah, and Wyoming. 
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the utilization of the waters of the Colorado River system for irrigation, electrical 
power, and other purposes (Reclamation, 1946). 

The report advocated for a comprehensive, Basin-wide plan for development as well as complete 
control and utilization of water of the Colorado River. It did not advocate for any particular 
projects to be authorized; however, it pointed out a number of issues that needed to be resolved 
before the selection of any projects could occur. In particular, it noted that  

…before such a selection of projects can be made it will be necessary that the 
seven Basin states agree upon their respective rights to deplete the water supply of 
the Colorado River or that the courts apportion available water among them 
(Reclamation, 1946). 

As a result, the report provided a basis for compact negotiations among the Upper Basin States, 
which resulted in the passage of the Upper Colorado River Compact (Compact) in 1948 
(63 Stat. 31). 

2.2 Final Report, Engineering Advisory Committee to Upper Colorado River 
Basin Compact Commission – 1948; and Report on Water Supply of the 
Lower Colorado River Basin, Project Planning Report – 1952 

These are data-oriented reports intended to support potential development projects. After the 
1946 report was published, it was concluded that more-detailed data regarding the average 
natural flow of streams and rates of water use were needed to serve as the basis for planning 
future developments for the maximum use of available water supplies. The purpose of the reports 
was to fill a need for a comprehensive analysis of the water supply of the Upper Basin and 
Lower Basin, respectively.   

Both reports summarize data over the period 1914 to 1945. This period was chosen because it 
was believed to be a representative period of average stream flow as well as a period for which 
sufficient reliable hydrologic data were available to make a comprehensive analysis of water 
resources and stream depletions. Furthermore, the 1914 to 1945 period included the above-
average runoff years from 1914 to 1929, as well as the drought years from 1931 through 1940, 
and was therefore thought to be appropriate for considering storage problems of stream flow in 
drought years. 

Together, these reports provide a basis for a comprehensive analysis of the water supply of the 
entire Basin.   

2.3 Colorado River Storage Project and Participating Projects, Upper Colorado 
River Basin - 1950 

The Colorado River Storage Project (CRSP) and Participating Projects report outlined a plan of 
development in the Upper Colorado River Basin and recommended an initial construction 
program (Reclamation, 1950). The plan contained three fundamental elements: 1) reservoir 
storage, to conserve and regulate stream flows, and to generate power, 2) participating irrigation 
projects, made possible by the storage reservoirs, and 3) the Upper Colorado River Account, to 
be charged with scheduled payments on the construction, operations and maintenance, and 
replacement costs of the CRSP and participating projects. 
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In this report, an ultimate storage plan was envisioned that would permit full utilization by the 
Upper Basin of the 7.5 million acre-feet (maf) of water apportioned to the Upper Basin under the 
Compact. The storage capacity contemplated was designed to assure that the flow of the river at 
Lees Ferry would not be depleted below 75 maf in any 10 consecutive years. The goal was to 
provide the infrastructure with which the Upper Basin could proceed safely with use of its 
waters, and the Lower Basin would be assured that its rights under the Compact were protected 
(Reclamation, 1950). 

Given the analysis of Colorado River supplies (primarily taken from the 1948 report by the 
Engineering Advisory Committee, but expanded to include data through 1947) and assumptions 
of Upper Basin depletions, the greatest 10-year flow deficiency at Lees Ferry was projected to be 
20.8 maf for the period ending in 1940 (see table 1). More-detailed studies based on monthly 
data rather than on the annual data used in the table indicated an imbalance of 23 maf for the 
1931 to 1940 decade, indicating a need for that amount of storage capacity for river regulation. 
Therefore, according to the plan outlined in the CRSP report, 23 maf would be reserved in 
project reservoirs for long-time regulatory storage. The water stored would be released as needed 
in drought periods to meet the Compact obligation at Lees Ferry. 

3.0 Studies 1964 – 1972 
Starting in the 1960s, Basin studies continued to focus on development, but with an eye towards 
water supply and demand imbalances and potential means of resolving those imbalances. 
Increasing emphasis was placed on improving the efficiency of the operation of Colorado River 
reservoirs and increasing the level of predictability needed by entities that receive Colorado 
River water to better plan for and manage available water supplies. The following sections 
summarize the studies to come out of this period. 

3.1 Pacific Southwest Water Plan - 1964 
The Pacific Southwest Water Plan was the first study to project a water supply and demand 
imbalance in the Basin (Reclamation, 1964). The report outlined a two-phase plan of action 
designed to meet the immediate and long-range water needs of the Pacific Southwest, defined in 
this report as the water service area of the Lower Colorado River Basin including southern 
California. In both phases, substantial emphasis was placed on the salvage of water and more-
efficient water use, although the plan also called for the importation of water to make up the 
remaining imbalance. 

Based on estimates of the rate at which the Upper Basin will develop uses for its 
apportioned share of Colorado River water, it is estimated that by the year 2030, 
in the absence of measures to increase Lower Basin water supplies, the amount of 
water available from the Colorado River at and below Hoover Dam for 
consumptive use by the Lower Basin States will decrease to 5,620,000 acre-feet 
annually. This would be 1,880,000 acre-feet below the 7,500,000 acre-feet 
divided among the Lower Basin States by the recent decision of the Supreme 
Court in the case of Arizona v. California. To make up this deficiency, through 
the 7,500,000 acre-foot guarantee, the Initial Plan provides for water salvage and 
related works to yield 680,000 acre-feet annually and for import of the remaining 
deficiency of 1,200,000 acre-feet (Reclamation, 1964). 
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TABLE 1 
Determination of Active Storage Requirement  

DETERMI NATI ON OF ACTI VE STORAGE REQUI REMENT 
TO PERMI T FULL UTI LI ZATI ON OF APPORTI ONED CONSUMPTI VE USE 

Uni t : ·  1, 000 acr e- f eet  

Wat er  
year  

1 2 3 4 5 
Vi r gi n 
f l ow of  
Col or ado 
Ri ver  at  

Lee  
Fer r y 

Ul t i mat e  
use of   
upper   
basi n  
appor -

t i onment  1 

Ul t i mat e 
depl et ed 

unr egul at ed  
f l ow at  Lee 
Fer r y ( Col . 1 
mi nus Col . 2)  

Ten- year  
movi ng  

t ot al  f l ow  
at  Lee Fer r y 

Ten- year  
var i at i on 
f r om 75 
mi l l i on  

acr e- f eet  
      
1914 21, 220 9, 030 12, 190   
1915 14, 030 6, 910 7, 120   
1916 19, 200 8, 860 10, 340   
1917 24, 040 9, 530 14, 510   
1918 15, 360 7, 920 7, 440   
1919 12, 460 6, 560 5, 900   
1920 21, 950 9, 370 12, 580   
1921 23, 020 9, 470 13, 550   
1922 18, 310 8, 180 10, 130   
1923 18, 270 8, 450 9, 820 103, 580 +28, 580 
1924 14, 200 7, 340 6, 860 98, 250 +23, 250 
1925 13, 030 6, 860 6, 170 97, 300 +22, 300 
1926 15, 850 7, 770 8, 080 95, 040 +20, 040 
1927 18, 620 8, 630 9, 990 90, 520 +15, 520 
1928 17, 280 8, 390 8, 890 91, 970 +16, 970 
1929 21, 430 8, 670 12, 760 98, 830 +23, 830 
1930 14, 890 7, 590 7, 300 93, 550 +18, 550 
1931 7, 770 5, 330 2, 440 82, 440 + 7, 440 
1932 17, 240 7, 950 9, 290 81, 600 + 6, 600 
1933 11, 360 6, 500 4, 860 76, 640 + 1, 640 
1934 5, 640 4, 480 1, 160 70, 940 -  4, 060 
1935 11, 550 6, 450 5, 100 69, 870 -  5, 130 
1936 13, 800 7, 480 6, 320 68, 110 -  6, 890 
1937 13, 740 6, 710 7, 030 65, 150 -  9, 850 
1938 17, 550 7, 840 9, 710 65, 970 -  9, 030 
1939 11, 080 6, 260 4, 820 58, 030 - 16, 970 
1940 8, 600 5, 130 3, 470 54, 200 - 20, 800 
1941 18, 150 7, 700 10, 450 62, 210 - 12, 790 
1942 19, 120 7, 830 11, 290 64, 210 - 10, 790 
1943 13, 100 7, 070 6, 030 65, 380 -  9, 620 
1944 15, 150 6, 980 8, 170 72, 390 -  2, 610 
1945 13, 410 6, 740 6, 670 73, 960 -  1, 040 
1946 10, 420 5, 950 4, 470 72, 110 -  2, 890 
1947 15, 470 7, 510 7, 960 73, 040 -  1. 960 
Means:   
1931- 40 11, 830 6, 410 5, 420   
1914- 45 15, 640 7, 500 8, 140   

1 Use appor t i oned by Col or ado Ri ver  Compact ,  measur ed i n t er ms 
of  man- made depl et i ons at  Lee Fer r y.  

Source: CRSP report, 1950 

In this study, importation of water from northern California was suggested to meet the 
imbalance. The initial plan contemplated the conveyance of 1.2 maf of surplus water from 
northern to southern California to guarantee against deficiencies in water supplies available from 
the lower Colorado River (Reclamation, 1964). 
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This study led to the enactment of the Colorado River Basin Project Act of September 30, 1968 
(Public Law 90-537), making the Central Arizona Project (CAP) a reality.  

3.2 Water Supplies of the Colorado River – 1965 
The recommendations and requests for authorization contained within the 1964 Pacific 
Southwest Water Plan caused concern in the Upper Basin, particularly regarding the CAP. 
Consequently, the Upper Colorado River Commission sponsored a study in 1965 by consulting 
engineers Tipton and Kalmbach.  The results of this study were presented in Water Supplies of 
the Colorado River (Tipton, 1965). 

This study concluded that Upper Basin consumptive use, including evaporation, would be 
limited to 6.3 million acre-feet per year (mafy). Net depletion excluding evaporation would be 
5.6 mafy. A water supply and demand imbalance was calculated to be 1.195 mafy (See figure 1). 

FIGURE 1 
Analysis of Lower Basin Supply and Demand and Resulting Deficiency 

Lower River Requirements:   
1. Beneficial consumptive use by Arizona,  

California and Nevada 7.500 maf 
 

2. Mexican Treaty Deliveries 1.500  
3. Reservoir Evaporation 0.730  
4. Losses below Hoover Dam 0.810  

Total Requirements  10.540 maf 
   
Water Supply for the Lower River:   
1. Delivery at Lee Ferry 8.250 maf  
2. Net Inflow Lee Ferry to Lake Mead 0.675  
3. Net Inflow from Bill Williams River 0.055  
4. Release from Lake Mead (drawdown  

to rated power head) 
 
0.365 

 

Total Water Supply    9.345 

Deficiency    1.195 maf 

Source: Tipton, 1965. 
 
The study states that, although a delivery of 8.25 maf had been assumed, the amount delivered 
by the Upper Basin eventually would approximate 7.5 mafy. When the delivery from the Upper 
Basin lowered to 7.5 maf instead of 8.25 maf, then the deficiency would increase to 1.945 mafy. 
Likewise, if the provisions of Section (b) of Article IV of the Compact were invoked, Lake Mead 
could be drawn down to absolute dead storage, which would provide about 0.60 mafy of 
additional water, including a decrease in evaporation from Lake Mead. In this case, the above 
deficiencies would be reduced by about 0.60 maf (Tipton, 1965). 

Finally, the study suggested the importation of water to meet the imbalance. It comes short of 
recommending a particular source of importation, stating: 

The obvious conclusion is that a firm water supply is not available in the 
Colorado River to satisfy a basic beneficial consumptive use requirement of 7.5 
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maf from the main stem by Arizona, California and Nevada, plus delivery of 1.5 
maf of water to Mexico. If these requirements as well as Upper Basin 
requirements are to be satisfied, projects must be authorized and constructed to 
import major amounts of water into the Colorado River Basin from sources of 
surplus. Such importation is important to both the Upper and Lower Basins 
(Tipton, 1965). 

3.3 The Comprehensive Framework Studies – 1971-1972 
Three Comprehensive Framework Studies were conducted that pertain to the Basin – the Lower 
Colorado Region Comprehensive Framework Study, the Upper Colorado Region Comprehensive 
Framework Study, and the California Region Comprehensive Framework Study (Pacific 
Southwest Inter-agency Committee, 1971a, 1971b, and 1972).  As defined in these framework 
studies, the Lower Colorado Region consisted of those parts of the Lower Colorado River Basin 
which lies downstream of Lees Ferry except for parts of the Lower Basin lying in California 
(e.g., west of the Colorado River).  Parts of California lying within the Lower Colorado Basin 
were covered in the California Region Comprehensive Framework Study. The objective of the 
framework studies was to provide a broad guide to the best use, or combination of uses, of water 
and related land resources in each region to meet foreseeable short- and long-term needs. 

Each of the framework studies had multiple demand scenarios, predominantly based on 1968 
national population and demographic projections by the Office of Business Economics of 
Commerce, and the Economic Research Service, U.S. Department of Agriculture (OBERS). 
These projections were then modified to reflect local conditions. 

Each of the studies detailed the status of development as of the base year, 1965. The studies then 
presented a framework program for the development and management of the water and related 
land resources (Framework Plan) of the respective region through 2020. 

3.3.1 Lower Colorado Region Comprehensive Framework Study – 1971 
Two demand scenarios were considered in the formulation of the Lower Colorado Region 
Comprehensive Framework Study: 1) the Base Plan, based on the regionally interpreted OBERS 
projections, and 2) the non-modified OBERS projections.    

The basic long-range objective of this study was augmentation of the region’s water supplies in 
sufficient increments to meet future water requirements and reduce ground water overdraft. The 
Framework Plan consisted of an Early Action Program to cover short-term requirements (1965 to 
1980), and a Continuing Program to cover longer-term requirements (1981 to 2020). The most 
critical immediate need was identified as meeting the diversion requirements projected to occur 
before 1980 without increasing the groundwater overdraft. 

After implementation of the Early Action program, a water supply deficiency of about 1.5 maf 
was projected to remain. Therefore, the framework program provided for the importation of 2.25 
maf of desalted sea water to the Lower Colorado Region before 2000, including 1.8 maf to 
satisfy the 1944 Treaty with Mexico Mexican Treaty requirement and 0.45 maf as a regional 
program. Imported water would be conveyed to and stored in Lake Mead. It was projected that, 
if the initial water importation were in operation at year 2000, a regional annual water deficiency 
of about 0.44 maf would remain, which would increase to about 2.1 maf annually by 2020. The 
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framework recommended additional importation facilities between 2000 and 2020 to provide 
about 1.9 maf annually, reducing the annual imbalance to 0.17 maf by 2020. In the absence of an 
imported water supply, groundwater overdraft was expected to continue and the regional water 
deficiency was projected to reach 4.5 mafy by 2020. 

3.3.2 Upper Colorado Region Comprehensive Framework Study – 1971 
In the Upper Colorado Region Comprehensive Framework Study, four demand scenarios were 
analyzed: 1) the Base Plan, based on the regionally interpreted OBERS, 2) the States’ alternative 
to the Framework Plan (6.55 maf level of development), 3) States’ alternative at the 8.16 maf 
level of development, and 4) States’ alternative for water supply physically available in the 
region (9.44 maf). 

Land and water supply were not considered to be limiting factors in the Framework Plan in 
meeting the regionally interpreted OBERS level of development; however, the study concluded 
that the future outflow at Lees Ferry would depend on which level of development actually 
occurred, as well as augmentation. Augmentation practices considered as possibilities included 
water-yield improvement and weather modification, which were thought to increase the water 
supply by about 1 to 2 maf. The study concluded that 1) augmentation would definitely be 
required by 2020 for the two highest levels of depletion to meet the Compact obligation to the 
Lower Basin, and 2) local shortages in the region could occur at any level of development. 

3.3.3 California Region Comprehensive Framework Study – 1972 
Two subregions in the California Region Comprehensive Framework Study are pertinent to the 
Basin—the Colorado Desert and the South Coast subregions. Three demand scenarios were 
analyzed in this study: 1) the Base Plan, based on the locally interpreted OBERS projections, 2) 
the non-modified OBERS projections, and 3) Series D-1970 projections used in a California state 
study, which projected a population of 45 million (10 million less than the OBERS projections). 

A number of alternatives were presented for meeting projected needs. The report states that: 

Three general approaches were taken in developing alternatives for meeting water 
supply requirements or to produce the goods and services dependent on water 
supply. These are: first an approach that relies on surface water development; 
second, an approach that utilizes other means for providing water supply; and 
third, an approach that reduces water requirements…When programs are finally 
implemented they will likely contain elements from each of the three approaches 
(Pacific Southwest Inter-Agency Committee, 1972). 

In the Colorado Desert subregion, the study noted that water, not land, is the limiting factor in 
future development. The study predicted that 675,000 acres would be under irrigation by the year 
2020; however, if water were readily available within the service area of the Colorado River, an 
additional 330,000 acres of new land could be utilized. Although the possibility of developing 
this additional acreage was not considered, it was believed that at least an additional 1.5 maf of 
water could be used in this area if it were available (Pacific Southwest Inter-Agency Committee, 
1972). 

The South Coast subregion was projected to have a water supply and demand imbalance of 1.64 
maf by 2020. The study suggested this imbalance would need to be resolved through sources 
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such as reuse of surface and ground waters, waste water reclamation, distillation, and 
development of new supplies outside of the area. Waste water reclamation of 560 thousand acre-
feet per year was included as a plan element for the South Coast subregion. Importation of North 
Coastal water supplies was necessary to meet Base Plan projections, but not OBERS or Series D-
1970 projections. 

4.0 Studies 1975 - 2007 
Studies following the Comprehensive Framework Studies have all acknowledged an imbalance 
between water supply and demand in the Basin. Most of these studies have not sought to 
explicitly quantify the imbalance, but rather have focused on potential solutions to various 
problems throughout the Basin, including the problems of water supply and demand imbalances, 
salinity, and tribal water rights. In light of the attention given to some of these issues, 
institutional changes, such as interim operating criteria and the Consolidated Decree, have 
occurred. The following sections summarize what these more-recent Basin studies have 
concluded about water supply and demand imbalances. 

4.1 Westwide Study Report on Critical Water Problems Facing the Eleven 
Western States - 1975 

The Westwide Study Report on Critical Water Problems Facing the Eleven Western States 
(Reclamation, 1975) was an interagency state-federal effort meant to provide the information 
necessary to assist the federal government in making decisions on policy, funding, and action 
programs for development of the West’s water resources. 

The principal conclusions regarding water supply and demand imbalances were that the 
Colorado River should be able to meet all quantitative physical water demands for some years to 
come; however, assuming a long-term average annual supply of 14.9 maf, sometime after the 
CAP became fully operational the Colorado River would not yield enough water under normal 
circumstances to meet Upper and Lower Basin demands, Mexican Treaty obligations, and 
system losses.  Therefore, the study concluded, the Basin faces future water shortages unless its 
natural flows are augmented or Basin development is curtailed. Assuming a fairly intensive level 
of future Upper Basin development and a conservative long-term hydrologic cycle, the study 
predicted the Colorado River water supply would not meet all water demands, beginning in 
about 1990, and shortages would become progressively greater thereafter. The extent and timing 
of these shortages would depend on the rate of future consumptive use development and the 
volumes of annual runoff (Reclamation, 1975). 

The study continued to discuss potential options for a total water management program. It 
envisioned a program that would include activities such as: 

• Coordinated operations of all major structures and conjunctive use of surface and 
groundwater supplies 

• Increasing irrigation efficiency through such means as better on-farm system and 
management practices and improved distribution systems 

• Waste water reclamation and reuse 
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• Increasing water yield through selective phreatophyte removal and control, reducing 
snowpack evaporation, and watershed management practices 

• Reallocation of water supplies through institutional procedures 

• Water pricing mechanisms 

The study ultimately concluded:  

It is evident that a total water management program can only delay and not 
prevent water shortages from occurring eventually. When such shortages do occur 
there appears to be two alternative courses open. The first would be to accept the 
limitation in water supply and pattern the economic and social future of the basin 
to that limitation. The second option would be to augment the flows of the 
Colorado River thus increasing its water supply and permitting continued growth 
of water dependent developments (Reclamation, 1975). 

4.2 Colorado River Basin Water Problems: How to Reduce the Impact - 1979 
This report, by the Government Accounting Office, described numerous water problems existing 
within the Basin and discussed the need for the states and the federal government to work 
together to solve these problems. One of the key problems addressed is that “water supply is 
insufficient to meet future demands” (Government Accounting Office, 1979).   

The study’s discussion of water supply included Reclamation’s estimate of average annual 
natural flow and three challenging estimates. Reclamation’s estimate, based on records dating 
1906 through 1977, was 14.8 mafy. Alternative estimates of average annual natural flow came 
from 1) the Upper Colorado River Commission, which stated that it considered the gauged 
records for 1922 1977 to be more reliable and accepted the estimate of 13.7 maf as the future 
annual virgin flow, 2) engineers from the Lower Basin States, who testified before Congress 
during hearings for the 1968 Colorado River Basin Project Act that the virgin river flow was 
between 13.7 and 14.0 mafy, and 3) researchers at the Laboratory of Tree Ring Research, 
University of Arizona, who used tree ring reconstructions to estimate the river’s annual flow to 
be about 13.5 mafy.  

The report quoted Reclamation studies indicating that a water supply and demand imbalance 
could occur as early as 1992 and probably would occur before 2023. It concluded that after the 
CAP came online, the river would probably not yield enough water to meet all Basin demands, 
the Mexican Treaty obligations, and river system losses. It further concluded that, unless the 
water supply available to CAP were increased, farmland would have to be reduced significantly 
to balance water supply and use by 2020, assuming median growth rate in nonagricultural 
activities. 

Suggested solutions to the predicted imbalance included water salvage programs, conservation, 
and various augmentation methods. Water salvage measures included dredging the river channel, 
removing vegetation along the river bank, construction of Senator Wash Dam to improve control 
of the flow of water to the United Mexican States (Mexico) by reducing excess deliveries, and 
installing wells near the border to reduce the flow of groundwater to Mexico. Conservation 
measures primarily focused on farming efficiency. Augmentation methods considered included 
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weather modification, vegetation management, desalting geothermal brines and sea water, and 
importation of water from other river basins. 

Finally, the report included three recommendations to the Secretary of Interior for addressing 
water supply and demand imbalances, referred to as shortages in the report: 

1. Direct Reclamation to develop a series of water management plans that reflect various supply 
estimates and present a number of alternative actions. Coordinate these plans with all the 
Basin’s water managers. 

2. Amend reservoir operating criteria by stating 1) the conditions under which a water supply 
shortage will be declared, 2) the amounts to be released during a shortage, 3) the reservoir 
storage levels to be maintained in low-flow years, and 4) the amount of water each subbasin 
must provide for the 1944 Treaty with Mexico commitment. 

3. Direct Reclamation to develop a comprehensive plan specifying the conservation, water 
salvage, and augmentation techniques that will be used to prevent or minimize the adverse 
effects of shortages. This plan should identify factors that would interfere with implementing 
the plan and address how they would be resolved. 

4.3 Colorado River Basin Study – 1997 
This study was requested by the Western Water Policy Review Advisory Commission 
(Commission), and completed by Dale Pontius. It included analysis of the most critical issues 
projected to be facing the basin in the near future, efforts being made to address these problems, 
and specific recommendations to the Commission for Basin water management and governance 
over the next 20 years. The study conceptualized a vision for the Basin for the year 2025, the 
basic premise of which was that  

…we should be working toward three general goals in developing water policy 
for the basin in the next century: they are equity, efficiency, and sustainability in 
water use and management (Pontius, 1997). 

Regarding water supply and demand imbalances, the analysis depended on previous studies for 
information, and concluded that the river was over-allocated by 20 to 30 percent, depending on 
which flow estimates were used. The report stated that for planning purposes in the Upper Basin, 
the Upper Colorado River Commission had used 6.0 mafy as full development. Based on this 
number, current depletions in the Upper Basin (including 520,000 acre-feet per year of reservoir 
evaporation) were already more than 75 percent of the available amount, and projections showed 
that the Upper Basin states would be using 90 percent of 6.0 mafy by the year 2030. The study 
further concluded that in the Lower Basin, implementation of the Arizona Water Bank would 
mean that Arizona would divert its full apportionment as early as 1998 and that Nevada would be 
using its full 300,000 af apportionment by 2010. 

Included in the recommendations to address water supply and demand imbalances were the 
following: 

• An interstate water bank should be established in the Lower Basin with maximum flexibility 
for marketing and banking water.  
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• The Basin States and local water managers need to develop stronger conservation programs 
to maximize conservation and reuse potential and more clearly define and regulate 
reasonable beneficial use. 

• The Secretary, Basin States, and tribes, with input from other interests, should agree on a 
plan for reservoir operation and surplus and shortage criteria that is equitable to all interests 
and meets federal statutory obligations and treaty obligations to Mexico. 

4.4 Colorado River Basin Water Management: Evaluating and Adjusting to 
Hydroclimatic Variability - 2007 

This report was prepared by the Committee on the Scientific Bases of Colorado River Basin 
Water Management. The activities of this committee were overseen and supported by the 
National Research Council’s Water Science and Technology Board. The committee was asked to 
review the hydrologic and climatic bases of Colorado River water management and to consider 
broad topics of system operations and water management practices. Terms such as “population 
growth” and “water demand” did not appear in the statement of task.  

Nonetheless, as the committee proceeded, 

…it became clear that broad understanding of Colorado River management issues 
is not possible unless both water supply and demand issues are adequately 
considered. Thus [they] felt it incumbent to comment on topics of water demand, 
technologies and practices for augmenting water supplies, and programs for 
coping with drought” (Committee on the Scientific Bases of Colorado River 
Basin Water Management, 2007). 

Within the scope of its statement of task and its available resources, the committee chose to 
focus on reviewing existing scientific knowledge of hydroclimatic variability and on discussing 
the implications of hydroclimatic variability in the context of key water management challenges 
in the Basin. The committee also aimed to broadly assess key Colorado River scientific issues as 
they relate to water supply, demand, management, and drought preparedness. 

The committee concluded that: 

Technological and conservation options for augmenting or extending water 
supplies – although useful and necessary – in the long run will not constitute a 
panacea for coping with the reality that water supplies in the Colorado River basin 
are limited and that demand is inexorably rising (Committee on the Scientific 
Bases of Colorado River Basin Water Management, 2007). 

The report contained three major conclusions, based on the committee’s evaluation of drought 
planning strategies: 

• Interstate cooperation and initiative will prove increasingly valuable and essential in coping 
with future droughts and growing water demands. 

• A commitment to two-way conversation among scientists and water managers is important 
and necessary in improving overall preparedness and planning for drought and other water 
supply shortages. 



Colorado River Basin  
Water Supply and Demand Study 

SR3-12 December 2012 

• A comprehensive, action-oriented study of Colorado River region urban water practices and 
changing patterns of demand should be conducted because such a study could provide a more 
systematic basis for water resources planning across the region. The study could be 
conducted by the Basin States, a federal agency or agencies, a group of universities from 
across the region, or some combination thereof. These groups should be prepared to take 
action based on this study’s findings in order to improve the region’s preparedness for future 
inevitable droughts and water shortages. 

5.0 Summary and Conclusions 
Previous studies of the Colorado River Basin reveal that water supply and demand imbalances 
have been on the radar since the 1960s. A number of useful developments have come out of 
these studies.  For example, the Colorado River Interim Guidelines for Lower Basin Shortages 
and Coordinated Operations for Lake Powell and Lake Mead Final Environmental Impact 
Statement (Reclamation, 2007) partially addressed recommendations from the more-recent group 
of studies, by amending reservoir operations under low reservoir conditions for an interim 
period.   

The current Colorado River Basin Water Supply and Demand Study is the next logical step in the 
series of studies.  Such a comprehensive state-federal cooperative study has been envisioned and 
recommended in several of the more recent ‘survey’ studies, and picks up where the previous 
studies have left off. 
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Appendix 4 — Study Participants 

As envisioned by the Plan of Study, teams were established to facilitate the completion of the 
Study. Members of each team are presented along with their affiliation. 

1.0 Steering Team Members 
A list of Steering Team members and their affiliations is presented below.  

• Perri Benemelis, Arizona Department of Water Resources 
• Carly Jerla, Bureau of Reclamation 
• Dave Trueman, Bureau of Reclamation 
• Chris Harris, Colorado River Board of California 
• Ted Kowalski, Colorado Water Conservation Board 
• Estevan Lopez, New Mexico Interstate Stream Commission  
• Kay Brothers, Southern Nevada Water Authority 
• Don Ostler, Upper Colorado River Commission 
• Robert King, Utah Division of Water Resources 
• John Shields, Wyoming State Engineer’s Office 
• Cathy Condon, Ten Tribes Partnership 
• Jason John, Ten Tribes Partnership 

2.0 Project Team Members 
A list of Project Team members and their affiliations is presented below.   

• Perri Benemelis, Arizona Department of Water Resources 
• Don Gross, Arizona Department of Water Resources 
• Deanna Ikeya, Arizona Department of Water Resources 
• Les Lampe, Black & Veatch 
• Klint Reedy, Black & Veatch 
• Pamela Adams, Bureau of Reclamation 
• Alan Butler, Bureau of Reclamation 
• Carly Jerla, Bureau of Reclamation 
• KayLee Nelson, Bureau of Reclamation 
• Ken Nowak, Bureau of Reclamation 
• James Prairie, Bureau of Reclamation 
• Dave Trueman, Bureau of Reclamation 
• Shana Tighi, Buruea of Reclamation 
• Chuck Cullom, Central Arizona Project 
• Mohammed Mahmoud, Central Arizona Project 
• Greg Gates, CH2M HILL 
• Armin Munévar, CH2M HILL 
• Chris Harris, Colorado River Board of California 



Colorado River Basin  
Water Supply and Demand Study 

SR4-2 December 2012 

• Lindia Liu, Colorado River Board of California 
• Jerry Zimmerman, Colorado River Board of California 
• Dave Kanzer, Colorado River Water Conservation District 
• Ted Kowalski, Colorado Water Conservation Board 
• Bennet Raley, Front Range Water Council 
• John Carter, Imperial Irrigation District 
• Mike King, Imperial Irrigation District 
• Joanna Smith, Imperial Irrigation District 
• Bill Swan, Imperial Irrigation District 
• Kevin Flanigan, New Mexico Interstate Stream Commission 
• Estevan Lopez, New Mexico Interstate Stream Commission 
• Amy Haas, New Mexico Interstate Stream Commission 
• Jordan Fischbach, RAND Corporation 
• David Groves, RAND Corporation 
• Halla Razak, San Diego County Water Authority 
• Kay Brothers, Southern Nevada Water Authority 
• David Donnelly, Southern Nevada Water Authority 
• Tom Maher, Southern Nevada Water Authority 
• Bruce Moore, Southern Nevada Water Authority 
• Colby Pellegrino, Southern Nevada Water Authority 
• Larry Tamashiro, Southern Nevada Water Authority 
• Bill Hasencamp, The Metropolitan Water District of Southern California 
• Jan Matusak, The Metropolitan Water District of Southern California 
• Demetri Polyzos, The Metropolitan Water District of Southern California 
• Tom Ryan, The Metropolitan Water District of Southern California 
• Robert King, Utah Division of Water Resources 
• Bob Johnson, Water Consult Engineering and Planning Consultants 
• Erin Wilson, Wilson Water Group 
• John Shields, Wyoming State Engineer’s Office 

3.0 Study Team Members 
A list of Study Team members and their affiliations is presented below.  

• Les Lampe, Black & Veatch 
• Klint Reedy, Black & Veatch 
• Pamela Adams, Bureau of Reclamation 
• Alan Butler, Bureau of Reclamation 
• Carly Jerla, Bureau of Reclamation 
• KayLee Nelson, Bureau of Reclamation 
• Ken Nowak, Bureau of Reclamation 
• James Prairie, Bureau of Reclamation 
• Shana Tighi, Bureau of Reclamation 
• Dave Tueman, Bureau of Reclamation 
• Greg Gates, CH2M HILL 
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• Armin Munévar, CH2M HILL 
• Jordan Fischbach, RAND Corporation 
• David Groves, RAND Corporation 

4.0 Water Supply Sub-Team Members 
A list of Water Supply Sub-Team members and their affiliations is presented below.  

• Carly Jerla, Bureau of Reclamation  
• Chuck Cullom, Central Arizona Project  
• Tapash Das, CH2M HILL 
• Armin Munévar, CH2M HILL 
• Jerry Zimmerman, Colorado River Board of California  
• Robert Kirk, Navajo Nation  
• John Whipple, New Mexico Interstate Stream Commission  
• Mike Roberts, The Nature Conservancy 
• John Gerstle, Trout Unlimited 
• Steve Cullinan, U.S. Fish and Wildlife Service  
• Robert King, Utah Division of Natural Resources 

Additional support in the form of supplemental analysis, review, and information was provided 
by those listed below.  

• Ben Harding, AMEC Earth & Environmental 
• Ken Nowak, Bureau of Reclamation  
• Jim Prairie, Bureau of Reclamation 
• Levi Brekke, Bureau of Reclamation’s Technical Service Center 
• Subhrendu Gangopadhyay, Bureau of Reclamation’s Technical Service Center  
• Tom Pruitt, Bureau of Reclamation’s Technical Service Center 
• Joe Barsugli, University of Colorado and the National Oceanic and Atmospheric 

Administration 

5.0 Water Demand Sub-Team Members 
A list of Water Demand Sub-Team members and their affiliations is presented below.  

• Perri Benemelis, Arizona Department of Water Resources 
• Jim Prairie, Bureau of Reclamation  
• Greg Gates, CH2M HILL 
• Ted Kowalski, Colorado Water Conservation Board 
• Jennifer Pitt, Environmental Defense Fund 
• Jason John, Navajo Nation 
• John Whipple, New Mexico Interstate Stream Commission 
• Tom Maher, Southern Nevada Water Authority 
• Bill Hasencamp, The Metropolitan Water District of Southern California 
• Don Ostler, Upper Colorado River Commission 
• Andrew Hautzinger, U.S. Fish and Wildlife Service 
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Alternate and/or contributing members who participated include: 

• Don Gross, Arizona Department of Water Resources 
• Brian Westfall, Keller-Bliesner Engineering (consultant for the Navajo Nation) 
• Michael Foley, Navajo Nation 
• Larry Tamashiro, Southern Nevada Water Authority 
• Janet Bair, U.S. Fish and Wildlife Service 
• Drew Beckwith, Western Resource Advocates 

Members added in November-December 2010 include: 

• Marc Waage, Denver Water 
• Carole Klopatek, Fort McDowell Yavapai Nation 
• Charles Vaughn, Hualapai Tribal Nation 
• Darryl Vigil, Jicarilla Apache Nation  

6.0 Metrics Sub-Team Members 
A list of Metrics Sub-Team members and their affiliations is presented below.  

• Klint Reedy, Black & Veatch 
• Alan Butler, Bureau of Reclamation 
• Carly Jerla, Bureau of Reclamation 
• Martin Einert, Bureau of Reclamation 
• Kara Gillon, Defenders of Wildlife 
• Jason John, Navajo Nation  
• Colby Pellegrino, Southern Nevada Water Authority 
• Jan Matusak, The Metropolitan Water District of Southern California 
• Robert Wigington, The Nature Conservancy 
• John Shields, Wyoming State Engineers Office  
Points of contact with other organizations that provided additional information are presented 
below.  

• Nathan Fey, American Whitewater 
• Katrina Grantz, Bureau of Reclamation 
• Robert Radtke, Bureau of Reclamation 
• Jack Barnett, Colorado River Basin Salinity Control Forum 
• Norm Henderson, National Park Service 
• Bill Jackson, National Park Service 
• Kent Turner, National Park Service 
• David Slick, Salt River Project 
• Janet Bair, U.S. Fish and Wildlife Service 
• Tom Chart, U.S. Fish and Wildlife Service 
• Andrew Hautzinger, U.S. Fish and Wildlife Service 
• Jana Mohrman, U.S. Fish and Wildlife Service 
• Mike Roberts, The Nature Conservancy 
• John Sanderson, The Nature Conservancy 
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• Xavier Gonzalez, Western Area Power Administration  
• Sam Loftin, Western Area Power Administration  

7.0 Options and Strategies Sub-Team Members 
A list of Options and Strategies Sub-Team members and their affiliations is presented below.  

• Perri Benemelis, Arizona Department of Water Resources 
• Don Gross, Arizona Department of Water Resources 
• Les Lampe, Black & Veatch 
• Klint Reedy, Black & Veatch 
• Alan Butler, Bureau of Reclamation 
• Carly Jerla, Bureau of Reclamation 
• Ken Nowak, Bureau of Reclamation 
• James Prairie, Bureau of Reclamation 
• Chuck Cullom, Central Arizona Project 
• Greg Gates, CH2M HILL 
• Armin Munévar, CH2M HILL  
• Chris Harris, Colorado River Board of California 
• Lindia Liu, Colorado River Board of California 
• Dave Kanzer, Colorado River Water Conservation District 
• Ted Kowalski, Colorado Water Conservation Board 
• Jennifer Pitt, Environmental Defense Fund 
• John Carter, Imperial Irrigation District 
• Kevin Flanigan, New Mexico Interstate Stream Commission 
• Estevan Lopez, New Mexico Interstate Stream Commission 
• Jordan Fischbach, RAND Corporation 
• David Groves, RAND Corporation 
• Kay Brothers, Southern Nevada Water Authority 
• Tom Maher, Southern Nevada Water Authority 
• Bruce Moore, Southern Nevada Water Authority 
• Cathy Condon, Ten Tribes Partnership  
• Jason John, Ten Tribes Partnership  
• Bill Hasencamp, The Metropolitan Water District of Southern California 
• Jan Matusak, The Metropolitan Water District of Southern California 
• Taylor Hawes, The Nature Conservancy 
• Melinda Kassen, Trout Unlimited 
• Erin Wilson, Wilson Water Group 
• John Shields, Wyoming State Engineer’s Office 

8.0 Modeling Sub-Team Members 
A list of Modeling Sub-Team members and their affiliations is presented below.  

• Don Gross, Arizona Department of Water Resources 
• Les Lampe, Black & Veatch 
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• Klint Reedy, Black & Veatch 
• Alan Butler, Bureau of Reclamation 
• Carly Jerla, Bureau of Reclamation 
• Ken Nowak, Bureau of Reclamation 
• James Prairie, Bureau of Reclamation 
• Dave Trueman, Bureau of Reclamation 
• Chuck Cullom, Central Arizona Project 
• Mohammed Mahmoud, Central Arizona Project 
• Greg Gates, CH2M HILL 
• Armin Munévar, CH2M HILL 
• Jennifer Pitt, Environmental Defense Fund 
• Evan Bloom, RAND Corporation 
• Jordan Fischbach, RAND Corporation 
• David Groves, RAND Corporation 
• Kay Brothers, Southern Nevada Water Authority 
• Tom Maher, Southern Nevada Water Authority 
• Colby Pellegrino, Southern Nevada Water Authority 
• Chuck Lawler, Southern Ute Indian Tribe 
• Cathy Condon, Ten Tribes Partnership  
• Bill Hasencamp, The Metropolitan Water District of Southern California 
• Karen Murphy, The Metropolitan Water District of Southern California 
• Kevin Wheeler, Water Balance Consulting 
• Erin Wilson, Wilson Water Group 
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Appendix 5 — Public Involvement Plan 

Note: This document was originally published as an appendix to the Plan of Study. 

1.0 Introduction 
The Colorado River Basin Water Supply and Demand Study (Study) has been selected to be one 
of three, two-year studies funded through the Bureau of Reclamation’s Basin Study Program. 
The Study will provide a comprehensive analysis of current and future imbalances in water 
supply and demand projected through 2060 in the Colorado River Basin (Basin) and the adjacent 
areas of the Basin States (Arizona, California, Colorado, Nevada, New Mexico, Utah and 
Wyoming) that receive Colorado River water; potential impacts of climate variability and 
climate change on water supply and demand; and potential adaptation and mitigation strategies 
and options to resolve those imbalances. A primary objective of the Study is prioritization of 
identified strategies and options and the recommendation for potential future feasibility studies, 
Congressional authorization, environmental compliance activities, demonstration programs, 
and/or implementation.  

The Study is cost-shared on a 50/50 basis between the Study partners: Reclamation (the Federal 
Cost-Share Partner) and agencies in the Basin States (the non-Federal Cost-Share Partners). 
Because the Colorado River Basin spans two Reclamation regions, Reclamation is represented 
by both the Upper Colorado Regional Office and the Lower Colorado Regional Office. 
The Study partners will facilitate public involvement to solicit and incorporate stakeholder input 
throughout the study. This Public Involvement Plan (PIP) provides the framework for that effort. 

1.1 Approach 
Several communication methods will be employed to effectively maintain communication with 
all interested stakeholders and to provide, seek, and receive information. A response will be 
provided for all comments received. All information received regarding technical aspects of the 
Study will be considered and feedback regarding that consideration will be provided. 

All outreach materials, information received, and feedback provided will be archived in a 
centralized electronic filing system. As the Study progresses, the effectiveness of the public 
involvement will be assessed periodically and adjustments will be made as necessary to ensure 
that appropriate communication and feedback is occurring. 

1.2 Communication Methods 
Effective communication is essential for the ongoing success of the Study. The methods of 
communication that will be used to disseminate information and accept input during the course 
of the Study include the following:  

• Study website will be maintained to provide up-to-date, on-line information;  

• E-mail address will be established to facilitate communication electronically;  

• Facsimile (fax) telephone number will be established to allow communication by fax; 
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• Points-of-contact will be established in the Upper Colorado and the Lower Colorado Regions 
to facilitate additional information exchange;  

• News releases and informational mailings will be provided as appropriate; 

• Mailing list will be established and maintained to ensure that all interested stakeholders 
receive information; 

• Public meetings will be held at strategic points throughout the Study; and 

• Additional meetings with interested stakeholders groups will be held as appropriate. 

Additional information on each of these methods is provided below. 

1.3 Web Site 
Reclamation’s Study web site will be used to post up-to-date information. Web site content will 
be updated periodically, particularly at major milestones and prior to public meetings. In 
addition, the web site will be used as a tool for soliciting input from stakeholders. The following 
web page will be available no later than January 8, 2010: 
http://www.usbr.gov/lc/region/programs/crbstudy.html. 

1.4 E-mail 
Reclamation has established a Study e-mail address to disseminate information regarding the 
Study and to receive input. The Study e-mail address is: ColoradoRiverBasinStudy@usbr.gov.  

1.5 Facsimile 
Input may also be submitted by facsimile at: 702-293-8156. 

1.6 Points-of-Contact 
For additional information, questions, or comments on the Study, Reclamation has designated an 
Outreach Coordinator: 

Pam Adams at 702-293-8501 or ColoradoRiverBasinStudy@usbr.gov 

1.7 News Releases and Informational Mailings 
News releases and other informational mailings will occur near major milestones throughout the 
Study to inform stakeholders and the public of the Study status, provide opportunities for input, 
and provide meeting information including dates and locations of the public meetings.  

1.7.1 Mailing List 
Informational mailings will be sent to interested stakeholders on the Study mailing list (either 
physically, electronically, or both). During each informational mailing, the recipient will be 
asked if he or she would like to remain on the list. Individuals will be added to the mailing list 
when requested through the Study e-mail address or through attendance at a public meeting 
captured on the sign-in sheet. An initial mailing will be made in January 2010 to a list of 
Colorado River stakeholders who were involved in similar prior studies. 
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1.7.2 Public Meetings 
Public meetings will be held at strategic points throughout the Study, beginning with an initial 
meeting in the spring of 2010.  Additionally, prior to completion of each Study phase, public 
meetings will be held to provide a summary of the results of the previous phase and to seek 
comments on the upcoming phase of the Study, thereby allowing consideration of information 
and suggestions by the public for incorporation in the Study.  

Four public meetings are currently envisioned as follows: 

1. Targeted for March 2010 - Meeting to discuss the Study objectives, structure, schedule, PIP, 
the proposed approach for Phase 1 (assessment of current and future water supply), and 
Phase 2 (assessment of current and future water demand);  

2. Targeted for September 2010 – Meeting to discuss the results of Phases 1 and 2 and the 
proposed approach for Phase 3 (analysis of the current and future system reliability);  

3. Targeted for April 2011 – Meeting to discuss the results of Phase 3 and the proposed 
approach for Phase 4 (analysis of strategies and options for resolving supply/demand 
imbalances); and 

4. Targeted for August 2011 – Meeting to discuss the results of Phase 4. 

1.7.3 Additional Meetings with Interested Stakeholder Groups 
During the course of the Study, additional meetings may be held with interested stakeholder 
groups to solicit additional input, expertise, data, and information. As appropriate, 
representatives of interested stakeholder groups may participate in specific Study tasks to 
facilitate incorporation of such input into the Study. 

Interested stakeholder groups may include, but are not limited to Federal agencies, Native 
American Tribes and communities, water districts, scientific research groups, hydropower 
agencies and other representatives of the energy industry, environmental groups, and 
representatives of the recreational industry. An initial mailing will be made in January 2010 to a 
list of interest groups who were involved in similar prior studies to gage their interest and 
capability for participating in the Study. Other interest groups are encouraged to provide their 
contact information via one of the communication methods listed above. 
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Appendix 6 — Outreach Activities 

This appendix presents a chronology of stakeholder outreach activities conducted for the 
Colorado River Basin Water Supply and Demand Study as of December 6, 2012.  As 
summarized in table 1, a total of 173 outreach activities were conducted. The activities consisted 
of meetings held at locations convenient to stakeholder groups, webinars transmitted on the 
Internet, and telephone conference calls as shown in table 1. 

 

TABLE 1 
Stakeholder Outreach Events Conducted for Basin Study as of December 6, 2012 

Meeting 
Date Participant Location Meeting Type  

3/31/2010 Conservation Organizations1 Boulder, CO Meeting 

5/3/2010 Conservation Organizations   Conference Call 

5/25/2010 
Quechan Indian Tribe, Navajo Nation, Southern Ute Indian 
Tribe   Webinar 

5/26/2010 
Hualapai Tribal Nation, Bureau of Indian Affairs - Colorado 
River Agency Parker, AZ Meeting 

5/27/2010 Navajo Nation Window Rock, AZ Meeting 

5/27/2010 
Fort McDowell Yavapai Nation, Inter Tribal Council of 
Arizona Phoenix, AZ Meeting 

6/16/2010 WestCAS Annual Conference Pacific Beach, CA Conference 

6/17/2010 U.S.  Fish and Wildlife Service   Webinar 

6/23/2010 Bureau of Land Management Salt Lake City, UT Meeting 

6/24/2010 
Western States Water Council, Western Governors' 
Association   Webinar 

6/25/2010 National Park Service Las Vegas, NV Meeting 

6/30/2010 Western Area Power Administration, Salt River Project Boulder City, NV 
Meeting/ 
Webinar 

7/9/2010 Conservation Organizations   Webinar 

7/15/2010 Bureau of Land Management Denver, CO Meeting 

7/27/2010 Conservation Organizations   Webinar 

7/29/2010 Fort McDowell Yavapai Nation Tribe   Conference Call 

7/30/2010 Conservation Organizations   Webinar 

8/5/2010 Hualapai Tribal Nation Boulder City, NV Meeting 

 
1 Defenders of Wildlife, Environmental Defense Fund, Hydros Consulting, National Parks Conservation Association, Natural Resources Defense 

Council, The Nature Conservancy, Pacific Institute, Sonoran Institute, Trout Unlimited, Water Balance Consulting, Western Resources 
Advocates 
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TABLE 1 
Stakeholder Outreach Events Conducted for Basin Study as of December 6, 2012 

Meeting 
Date Participant Location Meeting Type  

8/10/2010 Colorado River Fish and Wildlife Council  Saratoga, WY Meeting 

8/11/2010 Ute Indian Tribe of the Uinta & Ouray Reservation Boulder, CO Meeting 

8/18/2010 Conservation Organizations   Webinar 

8/19/2010 
Jicarilla Apache Nation, Ute Mountain Ute Tribe, Southern 
Ute Indian Tribe Durango, CO Meeting 

8/19/2010 Conservation Organizations   Webinar 

8/23/2010 U.S.  Environmental Protection Agency   Webinar 

9/1/2010 Conservation Organizations   Conference Call 

9/3/2010 U.S.  Geological Survey Denver, CO Meeting 

9/21/2010 Hualapai Tribal Nation Peach Springs, AZ Meeting 

9/23/2010 Colorado River Basin Study Public Meeting   Webinar 

10/5/2010 Colorado Water Conservation Board Denver, CO Meeting 

10/5/2010 Denver Water Denver, CO Meeting 

10/6/2010 Irrigation and Electrical Districts Association of Arizona   Conference Call 

10/7/2010 Front Range Water Council Denver, CO Meeting 

10/8/2010 Inter Tribal Council of Arizona Phoenix, AZ Meeting 

10/20/2010 Virgin River Watershed Conference Mesquite, NV Conference 

10/28/2010 Wyoming Water Association Laramie, WY Meeting 

10/29/2010 Front Range Water Council Denver, CO Meeting 

11/1/2010 Conservation Organizations   Conference Call 

11/1/2010 Conservation Organizations   Webinar 

12/30/2010 Layne Hydro    Conference Call 

1/18/2011 Conservation Organizations Boulder, CO Meeting 

1/27/11 American Meteorological  Society  Seattle, WA Meeting 

1/28/11 
Tribal Leaders Water Policy Council of the  
Inter Tribal Council of Arizona Tempe, AZ Meeting 

2/8/2011 Conservation Organizations   Webinar 

2/8/2011 Tahoe-Baikal Institute Hydrolists group from Russia Boulder City, NV Conference 

2/9/2011 Nevada Climate Change - UNLV Las Vegas, NV Conference 

2/16/2011 Colorado River Indian Tribes   Conference Call 

2/24/2011 Family Farm Alliance Annual Conference Las Vegas, NV Conference 

3/2/2011 Conservation Organizations Boulder, CO Meeting 
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TABLE 1 
Stakeholder Outreach Events Conducted for Basin Study as of December 6, 2012 

Meeting 
Date Participant Location Meeting Type  

3/8/2011 
UCLA Seminar - Colorado River Reservoir Management 
Under Changing Climate Conditions Los Angeles, CA Conference 

3/21/2011 Jicarilla Apache Nation    Conference Call 

3/30/2011 Southern Ute Indian Tribe Ignacio, CO Meeting 

4/5/2011 Colorado River Indian Tribes   Conference Call 

4/12/2011 Conservation Organizations   Conference Call 

4/21/2011 Ak-Chin Indian Community   Conference Call 

4/21/2011 Society for Human Ecology 18th International Conference Las Vegas, NV Conference 

5/13/2011 Colorado River Indian Tribes Parker, AZ Meeting 

5/20/2011 Society of Women Geographers Conference Estes Park, CO Conference 

5/26/2011 
American Society of Engineers - Water Resources Tech 
Committee Las Vegas, NV Conference 

6/7/2011 National Climate Assessment Workshop Boulder, CO Conference 

6/14/2011 Public Webinar - Interim Report No. 1    Webinar 

6/16/2011 Jicarilla Apache Nation Albuquerque, NM Meeting  

7/5/2011 Conservation Organizations  Conference Call 

7/14/2011 Colorado Fish and Wildlife Council Big Sky, MT Meeting  

8/2/2011 U.S. Fish and Wildlife Service Albuquerque, NM Meeting 

8/5/2011 Tribal Leaders Water Policy Council Phoenix, AZ Meeting 

8/11/2011 Tohono O'odham Nation Sells, AZ Meeting 

8/17/2011 Southern Ute Indian Tribe and Ute Mountain Ute Tribe Ignacio, CO Meeting 

8/18/2011 Conservation Organizations   Conference Call 

8/23/2011 Jicarilla Apache Nation Dulce, NM Meeting 

8/26/2011 Urban Water Institute San Diego, CA Conference 

9/12/2011 Gila River Indian Community Phoenix, AZ Meeting 

9/15/2011 Colorado River District Annual Water Seminar 
Grand Junction, 
CO Conference 

9/16/2011 Conservation Organizations   Conference Call 

9/16/2011 Utah League of Cities and Towns Salt Lake City, UT Conference 

9/19/2011 Nuestro Rio Boulder, CO Meeting 

9/19/2011 Protect the Flows   Webinar 

9/20/2011 San Carlos Apache Nation San Carlos, AZ Meeting 

9/26/2011 Ak-Chin Indian Community Phoenix, AZ Meeting 
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TABLE 1 
Stakeholder Outreach Events Conducted for Basin Study as of December 6, 2012 

Meeting 
Date Participant Location Meeting Type  

9/27/2011 American Water Resources Association - CO Chapter Denver, CO Meeting 

9/30/2011 Ten Tribes Partnership Yuma, AZ Meeting 

10/6/2011 Conservation Organizations   Webinar 

10/14/2011 Conservation Organizations   Webinar 

10/17/2011 White Mountain Apache Tribe Showlow, AZ Meeting 

10/28/2011 Inter Tribal Council of Arizona  Phoenix, AZ Meeting 

10/31/2011 The Water Center at Colorado Mesa University 
Grand Junction, 
CO Conference 

11/7/2011 American Whitewater   Conference Call 

11/8/2011 Navajo Nation Window Rock, AZ Meeting 

11/10/2011 Conservation Organizations Boulder, CO Meeting 

11/30/2011 American Whitewater   Conference Call 

12/1/2011 Conservation Organizations Boulder, CO Meeting 

12/2/2011 U.S. Fish and Wildlife Service and The Nature Conservancy   Conference Call 

12/6/2011 Public Webinar - Options & Strategies   Webinar 

12/8/2011 Nuestro Rio Denver, CO Meeting 

12/9/2011 Conservation Organizations   Conference Call 

12/12-13/ 
2011 Innovative Water Transfers Workshop Las Vegas, NV Conference 

12/14/2011 Carpe Diem West Las Vegas, NV Meeting 

12/14/2011 Ten Tribes Partnership Las Vegas, NV Meeting 

12/14-16/ 
2011 Colorado River Water Users Association Las Vegas, NV Meeting 

12/18/2011 The Nature Conservancy and Trout Unlimited Boulder, CO Meeting 

1/6/2012 
Harvard Law School Environmental Law Program, Harvard 
Water Security Initiative Boulder, CO Briefing 

1/10/2012 Carpe Diem West    Conference Call 

1/18/2012 Conservation Organizations    Conference Call 

1/25/2012 U.S. National Park Service   Webinar 

1/26/2012 Trout Unlimited   Conference Call 

1/27/2012 National Parks Conservation Association   Conference Call 

1/31/2012 Carpe Diem West    Webinar 

2/1/2012 Inter Tribal Council of Arizona Phoenix, AZ Meeting 
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TABLE 1 
Stakeholder Outreach Events Conducted for Basin Study as of December 6, 2012 

Meeting 
Date Participant Location Meeting Type  

2/2/2012 Nuestro Rio Boulder, CO Meeting 

2/8/2012 Ten Tribes Partnership Parker, AZ Meeting 

2/23/2012 
American Bar Association, Section of Environment, Energy, 
and Resources’ 30th Annual Water Law Conference San Diego, CA Conference 

2/24/2012 Nuestro Rio Denver, CO Meeting 

2/27/2012 Conservation Organizations   Conference Call 

2/29/2012 U.S. Geological Survey   Conference Call 

3/1-2/2012 14th Annual Law of the Colorado River Conference Las Vegas, NV Conference 

3/6/2012 Lake Mead Symposium Las Vegas, NV Conference 

3/8/2012 Carpe Diem West   Conference Call 

3/15/2012 Conservation Organizations Boulder, CO Meeting 

3/21/2012 Carpe Diem West   Webinar 

3/22/2012 U.S. Geological Survey Boulder, CO Meeting 

3/27/2012 Ute of Uinta and Ouray Reservation Ft. Duchesne, UT Meeting 

3/28/2012 Ten Tribes Partnership Technical Committee Albuquerque, NM Meeting 

4/3/2012 Conservation Organizations   Conference Call 

4/4/2012 The Nature Conservancy Boulder, CO Meeting 

4/11/2012 Ten Tribes Partnership Towaoc, CO Meeting 

4/30/2012 Rocky Mountain Climate Organization   Conference Call 

5/11/2012 Conservation Organizations Boulder, CO Meeting 

5/21/2012 Carpe Diem West   Conference Call 

5/24/2012 Conservation Organizations    Conference Call 

5/29/2012 Ten Tribes Partnership Albuquerque, NM Meeting 

6/7/2012 Conservation Organizations   Webinar 

6/8/2012 Inter Tribal Council of Arizona Phoenix, AZ Meeting 

6/13/2012 Ten Tribes Partnership Salt Lake City, UT Meeting 

6/19/2012 Western Coalition of Arid States Conference San Diego, CA Conference 

6/22/2012 Conservation Organizations  Boulder, CO Meeting 

7/3/2012 Western Area Power Administration   Conference Call 

7/3/2012 Conservation Organizations   Conference Call 

7/12/2012 U.S. National Park Service   Webinar 

7/18/2012 Carpe Diem West   Conference Call 
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TABLE 1 
Stakeholder Outreach Events Conducted for Basin Study as of December 6, 2012 

Meeting 
Date Participant Location Meeting Type  

7/24/2012 Carpe Diem West Boulder, CO Meeting 

8/1/2012 Conservation Organizations   Conference Call 

8/2/2012 Flaming Gorge Recreation   Conference Call 

8/15/2012 Ute Indian Tribe of the Uinta & Ouray Reservation 
Fort Duchesne, 
UT Meeting 

8/17/2012 Conservation Organizations Boulder, CO Meeting 

8/23/2012 Urban Water Institute San Diego, CA Meeting 

8/28/2012 Conservation Organizations   Webinar 

8/30/2012 Colorado River Fish and Wildlife Council  
Steamboat 
Springs, CO Meeting 

9/13/2012 Colorado River District Annual Water Seminar 
Grand Junction, 
CO Conference 

9/14/2012 Carpe Diem West Salt Lake City, UT Meeting 

10/1/2012 Conservation Organizations   Webinar 

10/5/2012 Colorado Water Conservation Board Boulder, CO Meeting 

10/10/2012 Ten Tribes Partnership Yuma, AZ Meeting 

10/11/2012 Conservation Organizations Boulder, CO Meeting 

10/16/2012 Carpe Diem West   Conference Call 

10/26/2012 Scripps Institution of Oceanography   Webinar 

11/1/2012 National Water Resources Association San Diego, CA Conference 

11/5/2012 Carpe Diem West Los Angeles, CA Meeting 

11/14/2012 Carpe Diem West   Webinar 

11/20/2012 Front Range Water Council Denver, CO Meeting 

11/21/2012 Conservation Organizations Boulder, CO Meeting 

11/26/2012 Ten Tribes Partnership   Conference Call 

11/28/2012 Ten Tribes Partnership   Conference Call 

12/4/2012 Ten Tribes Partnership   Webinar 

12/5/2012 Family Farm Alliance    Webinar 

12/6/2012 Inter Tribal Council of Arizona   Conference Call 

12/6/2012 Ten Tribes Partnership   Conference Call 
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Appendix 7 — Peer Review Summary Report 

1.0 Introduction 
The Colorado River Basin Water Supply and Demand Study (Study), initiated in January 2010, 
was conducted by the Bureau of Reclamation (Reclamation) in collaboration with the seven 
Colorado River Basin States1 (Basin States), conservation organizations, federally recognized 
tribes (tribes), and other interested parties.  The Plan of Study, provided in appendix 1 of the 
Study Report, states that the purpose of the Study is to define current and future imbalances in 
water supply and demand in the Colorado River Basin (Basin) and the adjacent areas of the 
seven Basin States that receive Colorado River water over the next 50 years (through 2060), and 
to develop and analyze adaptation and mitigation strategies to resolve those imbalances. The 
Study contains four major phases to accomplish this goal: Water Supply Assessment, Water 
Demand Assessment, System Reliability Analysis, and Development and Evaluation of Options 
and Strategies for Balancing Supply and Demand. 

This document provides a summary of the Study’s peer review. 

1.1 Approach 
The peer review was designed to ensure that assumptions, findings, and conclusions of the Study 
were clearly stated and supported; oversights, omissions, and inconsistencies were identified; 
and limitations and uncertainties were disclosed.  The reviewers were provided with focused 
technical questions while also being directed to offer a broad evaluation of the overall product. 
Specifically, peer review goals included the following: 

• Improve Study reports by ensuring that the methodologies, processes, assumptions, and 
limitations are thoroughly described and transparent 

• Understand potential critiques to help in the development of Study next steps.   

• Identify any significant errors. 

Peer review comments were considered and incorporated into the Study Report and Technical 
Reports where relevant and appropriate. This summary report includes the views of the 
reviewers, without attribution of specific comments to specific reviewers, and an explanation of 
the actions undertaken (or not) to address the reviewers’ comments. 

1.2 Peer Reviewers 
The peer reviewers for this Study, as a group, have expertise in climate science and associated 
hydrologic impacts and water management in the Basin. Individuals with the identified expertise 
who did not have formal involvement in the Study were asked to participate in the independent 
peer review.  Peer review elements and reviewers are as follows: 

                                                      
1 Arizona, California, Colorado, Nevada, New Mexico, Utah, and Wyoming. 
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1.2.1 Water Supply Assessment 
• Kelly Redmond – Deputy Director and Regional Climatologist, Desert Research 

Institute/Western Regional Climate Center 

• Jeff Arnold – Senior Climate Scientist, U.S. Army Corps of Engineers 

1.2.2 Water Demand Assessment 
• Jeannine Jones – Interstate Resources Manager, California Department of Water 

Resources 

• Bonnie Colby – Department of Agricultural and Resource Economics, University 
of Arizona 

1.2.3 Options and Strategies 
• Tom Iseman – Program Director for Water Policy, Western Governors’ 

Association 

• James Heaney – Department of Environmental Engineering Sciences, University 
of Florida 

1.2.4 System Reliability 
• Rosalind Bark – Resource Ecological Economist, Australia’s Commonwealth 

Scientific and Industrial Research Organization 

• Holly Hartman – Director of Arid Lands Information Center, University of 
Arizona  

2.0 Summary of Comments 
The following sections list the specific focus questions asked of the reviewers. They provide a 
summary of comments received, without attribution of specific comments to specific reviewers, 
and an explanation of the actions undertaken (or not) to address the reviewers’ comments. 

2.1 Water Supply Assessment 
The focus of the Water Supply Assessment peer review was whether the Water Supply 
Assessment met the intent of the Study. The reviewers were asked to consider the overall 
approach, the documentation of limitations and assumptions, and the scenario planning 
framework, with particular attention to secondary bias correction. The specific focus questions 
asked of the reviewers for the Water Supply Assessment are as follows: 

1. Is purpose of the report clear? 
2. Is the approach well-designed and executed? 
3. Is the approach to quantifying scenarios clearly explained? 
4. Has the assessment met the report goals? 
5. Are the data and information appropriately cited? 
6. Are assumptions and limitations explicit and justified? 
7. Is the documentation accurate, understandable, clearly structured, and temperate in tone? 
8. Are the reports compelling, useful, and relevant to stakeholders and decision makers? 
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In general, the reviewers thought the Water Supply Assessment, as detailed in Technical Report 
B – Water Supply Assessment, met all the requirements set out in the Study’s focus questions. 
One reviewer wrote that the report was “impressively thorough, well-planned, and very 
professionally executed.”  

Reviewers provided specific word choice edits to clarify language and additional comments, to 
further strengthen the overall presentation of material. These comments focused on two topics. 
First, comments related to clarifying the differences between the scenario including climate 
change projections and three other supply scenarios based on observed or paleo-reconstructed 
streamflow. Additional discussion was added to clarify that rising temperature and transient 
downward-trending supply were present only in the climate change scenario. In addition, 
discussion was added to further clarify the uncertainty associated with the future climate 
projections and the use of this information in water planning.  

Second, comments focused on the treatment and discussion of climate teleconnections (such as 
the Southern Oscillation Index, El Niño Southern Oscillation, and Pacific Decadal Oscillation) 
and their impacts on Basin supply. In response to these comments, additional language was 
added to the report to elaborate and clarify the discussion on Pacific Decadal Oscillation in 
particular.  To address general issues of clarity, additional descriptions for several figures were 
added, as was additional discussion on uncertainty. 

2.2 Water Demand Assessment 
The focus of the Water Demand Assessment peer review was whether the Water Demand 
Assessment met the intent of the Study. The reviewers were asked to consider the overall 
approach, the approach to quantifying scenarios, the documentation of limitations and 
assumptions, the scenario planning framework, and the assessment of climate impacts on 
demands. The specific focus questions asked of the reviewers for the water demand assessment 
are as follows: 

1. Is purpose of the report clear? 
2. Is the approach well-designed and executed? 
3. Is the approach to quantifying scenarios clearly explained? 
4. Has the assessment met the report goals? 
5. Are the data and information appropriately cited? 
6. Are assumptions and limitations explicit and justified? 
7. Is the documentation accurate, understandable, clearly structured, and temperate in tone? 
8. Are the reports compelling, useful, and relevant to stakeholders and decision makers? 

In general, the reviewers thought the Water Demand Assessment, as detailed in Technical Report 
C – Water Demand Assessment, met all the requirements set out in the Study’s focus questions. 
One reviewer wrote, “Commendable and formidable effort to account for numerous uncertainties 
confronting the Basin and to integrate information from many sources pertinent to changing 
demand by water use sector and geographic area.” 

The reviewers specified a number of perceived limitations in the Water Demand Assessment. 
First, reviewers pointed out that the use of conventional demographic forecasting did not 
consider impacts on population distribution resulting from climate change. Second, reviewers 
found it problematic that the use of the practically irrigable acreage approach did not consider 
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that agricultural production (i.e., acreage and crop types) is driven by crop markets. The 
reviewers thought an econometric evaluation would complement the approach used in the Study. 
In particular, the reviewers critiqued the exclusion of price elasticity with respect to demand, 
despite available studies that could have been referenced. These comments were not necessarily 
viewed as limitations, because the impacts on population distribution resulting from climate 
change, as well as the practically irrigable acreage approach, while used in academia, are not 
ready for use in Basin-wide planning. Although climate change was not explicitly considered 
with respect to demographics, the demand scenarios did include lower-growth scenarios and 
reflect a range of potential future populations and demographic models.  The Basin States did not 
use practically irrigable acreage for development of agricultural demands.  Agricultural demands 
were projected by state agencies and irrigation districts.  In some cases, land use-based models 
were used that incorporated urban population growth and other factors. Demand elasticity was 
not considered explicitly in the Study; however, it was included implicitly as part of the water 
demand options included in the Study.   

Additional comments were received requesting that the Study Report explain the reliance on 
demand information provided by the Basin States. Comments questioned whether limitations in 
the Study prevented gathering of independent information from sources other than state agencies 
on projected population, irrigated acreage, and other parameters. These comments suggested that 
Reclamation commit to future work to refine demand estimates through more-intensive modeling 
efforts of future water demands associated with agriculture and energy production.  Although 
demand information provided by the Basin States was relied on heavily, it was not the only 
source of this information.  Additional regional and local data were collected to supplement and 
support the information provided by the Basin States – particularly in consideration of alternative 
demand scenarios.  Furthermore, the Basin States, specifically the Basin States’ representatives 
who were formally involved in the Study, are entrusted with the responsibility of demand 
planning and management in the region, and therefore were the best available resource for 
demand planning. 

2.3 Options and Strategies for Balancing Supply and Demand 
The primary focus of the peer review of the options and strategies was whether the analysis met 
the intent of the Study. Reviewers were asked to consider the overall approach taken for options, 
the development and use of characterization criteria, the development and use of portfolios, and 
the documentation of limitations and assumptions associated with characterization. The specific 
focus questions asked of the reviewers for the options and strategies are as follows: 

1. Is purpose of the report clear? 
2. Is the approach well-designed and executed? 
3. Is the approach to option development clearly explained? 
4. Is the development and use of characterization criteria clearly explained? 
5. Is the development and use of portfolios clearly explained? 
6. Are the data and information appropriately cited? 
7. Are assumptions and limitations explicit and justified? 
8. Is the documentation accurate, understandable, clearly structured, and temperate in tone? 
9. Are the reports compelling, useful, and relevant to stakeholders and decision makers? 
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In general, the reviewers thought the options and strategies, as detailed in Technical Report F – 
Development of Options and Strategies, met all the requirements set out in the Study’s focus 
questions. One reviewer wrote of a “sense that the Study was open-minded and receptive to new 
ideas and made an honest effort to provide an objective analysis.” 

A number of comments on this report related to the characterization of options and development 
of portfolios. Other comments focused on the general clarity of the report. Reviewers suggested 
that summary results be provided first in order to prevent the loss of the ‘big picture.’ They also 
thought the report would benefit from more citations, to help clarify assumptions. These changes 
were made to the final technical report.  

The reviewers thought that the use of scoring criteria for the characterization of options was an 
overall useful exercise; however, the scoring of criteria felt “squishy” and overly precise. They 
pointed out that select options appeared to score more favorably than they might have deserved. 
For example, reviewers thought the yield estimates for weather modification and dust control 
options seemed high, and were surprised to see as much water yield in municipal reuse as in 
agricultural conservation. Additionally, reviewers thought it was not always clear which options 
were more tested and reliable than others. They believed that some options that had little, if any, 
testing or documentation scored better in terms of yield than the feasibility or reliability might 
suggest. 

To address these comments, the report was modified to present additional summary information 
about the options, to aid in comparison and add clarity.  With respect to specific options, in some 
cases, limited data were available to characterize items such as yield or cost, and there was 
significant uncertainty in these scores.  However, the criteria associated with quantity of yield 
was specifically separated from those criteria associated with technical feasibility and long-term 
viability. Options with significant feasibility or long-term reliability concerns were rated low for 
these criteria, and were subsequently limited in their inclusion in portfolios that were analyzed. A 
risk-adjusted yield was not developed in the Study.  

A number of the comments reflected a desire to know which option was “best;” however, the 
intent of Technical Report F was to enumerate and characterize the options without specific 
preferences or overall ratings.  Preferences for certain option characteristics were included in the 
development of portfolios and the performance of these portfolios was evaluated in Technical 
Report G – System Reliability Analysis and Evaluation of Options and Strategies.  In addition, 
the criteria were intended to be broad and represent a number of different viewpoints.  
Characterization alone could not determine which options were “best.” The analytical framework 
applied in the Study was intended to be essentially preference-based. 

Comments regarding the development of the portfolios requested that the report explicitly define 
reliability, risk, and uncertainty. Reviewers thought the report was missing discussion on the 
methodology used for filtering through the range of choices, and requested that the report better 
explain the use of the Portfolio Development Tool. Last, reviewers thought that unit costs needed 
to be defined more precisely by including the incidence of the benefits and costs. 

In order to address comments on reliability, risk, and uncertainty, the text was modified to 
specifically define uncertainty and refined to replace references to “risk” with “uncertainty” 
where the intent was the same.  Discussion on the methods employed to filter and characterize 
options was added, and references to the Portfolio Development Tool were removed and 
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replaced with discussion of the methods of filtering options based on the characterization criteria.  
As noted previously, this report did not attempt to define the efficacy or benefits of specific 
options, but rather provided an initial characterization that facilitated development of a set of 
exploratory portfolios reflecting different strategies for addressing potential future imbalances.  
The results of modeling the implementation of these options and strategies are defined in 
Technical Report G – System Reliability Analysis and Evaluation of Options and Strategies.  In 
addition, significant additional text was added to clarify the cost discussion. 

2.4 System Reliability Analysis 
The primary focus of the System Reliability Analysis peer review was whether the analysis met 
the intent of the Study. Reviewers were asked to consider the overall approach; whether there 
was a broad-enough set of system reliability metrics, (resource metrics, indicator metrics, 
signposts, and vulnerable conditions); use of system reliability metrics; and the documentation of 
limitations and assumptions. The specific focus questions asked of the reviewers for the System 
Reliability Analysis are as follows: 

1. Is purpose of the report clear? 
2. Is the approach well-designed and executed? 
3. Are a broad set of system reliability metrics presented? 
4. Are the uses of indicator metrics, signposts, and vulnerable conditions clearly explained? 
5. Has the analysis met the intent of the report? 
6. Are the data and information appropriately cited? 
7. Are assumptions and limitations explicit and justified? 
8. Is the documentation accurate, understandable, clearly structured, and temperate in tone? 
9. Are the reports compelling, useful, and relevant to stakeholders and decision makers? 
 
Technical Report G – System Reliability Analysis and Evaluation of Options and Strategies 
received the most extensive comments from peer reviewers. Reviewers found it particularly 
problematic that qualitative evaluation and discussions lacked for topics that do not lend 
themselves to quantitative evaluation. One reviewer thought that next steps in the analysis should 
include discussion on governance feasibility of options, the United Mexican States (Mexico) 
particularly, its role in planning its future and the desire for collaborative work between the two 
countries, and outstanding water rights settlements associated with tribes. Another reviewer 
criticized the neglect of qualitative discussion of two classes of options: system operation and 
governance/implementation. This reviewer wrote, “This is a major short-coming because the 
report anchors discussion on the options that are quantitatively evaluated. Just because some 
options are more readily analyzed does not make them more preferred, more practical, or even 
more deserving of further investments (i.e., additional study), especially if choices have to be 
made about what options should be studied next.” 

The Study acknowledges that certain options are more difficult to characterize in a structured 
rating approach and, in response to comments, expanded the discussion for those options that 
were qualitatively addressed in Technical Report F – Development of Options and Strategies. 
The Study Report also includes a broader discussion of the opportunities and constraints 
associated with the options that were qualitatively characterized in the Study. The Study Report 
includes a section on next steps that outlines the need for a cooperative approach in future 
efforts, including discussion on governance feasibility of options, to continue what could only be 
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discussed qualitatively in this Study. Including discussions with Mexico and tribes and 
communities will be critical to the success of such an approach. At the time of the peer reviews, 
the Study Report was not yet complete or available to reviewers. 

Additional comments were received that were related to other areas. First, reviewers found it 
problematic that results were presented in probabilistic terms, when the analysis should focus on 
frequency. Second, reviewers found it problematic that the analysis combined scenarios and then 
evaluated results that use the median as a central tendency. The reviewers thought that the use of 
combined scenarios for simple screening was acceptable, but not for evaluations of median 
behavior. Last, reviewers believed there were unanswered questions in the report, such as who 
would pay for the options to reduce vulnerability. To address reviewers’ comments and to 
improve the clarity of the discussion, results from the System Reliability Analysis were modified 
to ensure that they were presented from the point of view of a frequency analysis. References to 
probability were removed where inappropriately applied. Within the discussion of System 
Reliability Analysis without options and strategies, the combined analysis was removed and only 
the 48 individual scenario combinations for supply, demand, and post-2026 Lake Powell and 
Lake Mead operation assumptions were presented. Clarifying language was added through the 
report to ensure that readers understand that the results do not describe probabilistic outcomes. 
Instead, they describe plausible ranges and distributions for the Baseline or a portfolio 
corresponding to a wide range of plausible hydrologic, demand, and management traces. The 
underlying traces are the same across all portfolios and therefore enable a consistent comparison 
of outcome differences across the portfolios. 

In addition, system reliability results were presented as summaries by water supply scenario and 
vulnerable conditions to allow for a broader understanding of the conditions that lead to good or 
poor performance. Technical Report G was substantially improved based on the peer review 
comments and subsequent revision and analysis. 

3.0 Conclusions  
The peer review process was found to be a useful exercise and provided good, independent 
review that resulted in improvements to the technical reports included in the Study. The 
documents were generally well-received; the only major change was the restructuring of 
Technical Report G. The peer review process may have been improved by incorporating a staged 
review process which would engage reviewers earlier in the development of technical 
approaches and methods. 

In general, the peer review comments indicated that the assessments had been performed 
adequately and the analyses met the intent of the Study. Many comments dealt with the clarity of 
the discussion. To address issues of clarity, discussion was added to the reports and description 
was added to figures and tables as necessary. Study limitations (both in terms of scope and 
length) prevented the more in-depth supplemental analyses that were suggested by the reviewers. 
Several suggestions for additional analysis are incorporated in the next steps described in the 
Study Report. 
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Technical Report A — Scenario 
Development 

1.0 Introduction 
The Colorado River Basin Water Supply and Demand Study (Study), initiated in January 2010, 
was conducted by the Bureau of Reclamation’s (Reclamation) Upper Colorado and Lower 
Colorado regions, and agencies representing the seven Colorado River Basin States (Basin 
States) in collaboration with stakeholders throughout the Colorado River Basin (Basin). The 
purpose of the Study is to define current and future imbalances in water supply and demand in 
the Basin and the adjacent areas of the Basin States that receive Colorado River water over the 
next 50 years (through 2060), and to develop and analyze adaptation and mitigation strategies to 
resolve those imbalances. The Study contains for major phases to accomplish this goal: Water 
Supply Assessment, Water Demand Assessment, System Reliability Analysis, and Development 
and Evaluation of Options and Strategies for Balancing Supply and Demand. 

Spanning parts of the seven states of Arizona, California, Colorado, Nevada, New Mexico, Utah, 
and Wyoming, the Colorado River is one of the most critical sources of water in the western 
United States. The Colorado River is also a vital resource to the United Mexican States 
(Mexico). It is widely known that the Colorado River, based on the inflows observed over the 
last century, is over-allocated and supply and demand imbalances are likely to occur in the 
future. Up to this point, this imbalance has been managed, and demands have largely been met as 
a result of the considerable amount of reservoir storage capacity in the system, the fact that the 
Upper Basin States are still developing into their apportionments, and efforts the Basin States 
have made to reduce their demand for Colorado River water. 

Concerns regarding the reliability of the Colorado River system to meet future needs are even 
more apparent today. The Basin States include some of the fastest growing urban and industrial 
areas in the United States. At the same time, the effects of climate change and variability on the 
Basin water supply has been the focus of many scientific studies which project a decline in the 
future yield of the Colorado River. Increasing demand, coupled with decreasing supplies, will 
certainly exacerbate imbalances throughout the Basin.  

It is against this backdrop that the Study was conducted to establish a common technical 
foundation from which important discussions can begin regarding possible strategies to reduce 
future supply and demand imbalances. The content of this report is a key component of that 
technical foundation and describes the Study’s scenario planning process.  

The amount of water available and the progression of demand for water in the Basin (and the 
adjacent areas of the Basin States that receive Colorado River water) over the next 50 years are 
highly uncertain and dependent upon a number of socioeconomic and other factors. The potential 
impacts of future climate variability and climate change further contribute to these uncertainties. 
To analyze the future reliability of the Colorado River system, with and without adaptation and 
mitigation strategies, projections of water supply and demand were necessary. These projections 
needed to be sufficiently broad to capture the plausible ranges of uncertainty in future water 
supply and water demand to ensure that the reliability of the Colorado River system was 
adequately analyzed.  
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A scenario planning process was used to guide the development of scenarios that provided a 
broad range of projections of future water supply and demand. The process involved the 
identification of the key forces that will likely drive future water supply and water demand, 
ranking of the driving forces as to their relative importance and uncertainty, and use of the highly 
uncertain and highly important driving forces to identify various themes and storylines (narrative 
descriptions of scenarios) that describe how water supply and water demand may evolve in the 
future. Quantification of the storylines resulted in water supply and water demand scenarios that 
were used to assess future system reliability and assess the performance of options and strategies.  

This report provides background on scenario planning and describes the scenario development 
approach used in the Study to develop the water supply and demand scenarios. Initially 
published in June 2011 under Interim Report No. 1, this report replaces the earlier publication. 
Four water supply scenarios and six water demand scenarios were identified and quantified. 
Details regarding the quantification and analysis of the water supply and water demand scenarios 
are presented in the respective technical reports (Technical Report B – Water Supply Assessment, 
and Technical Report C – Water Demand Assessment).  

2.0 Incorporating Uncertainty in Water Resources Planning 
Management of water resources, and particularly those of the Colorado River, is a complex 
interplay between natural and human systems, driven by forces such as climatic, demographic, 
economic, social, institutional, political, and technological factors. The precise trajectory of this 
interplay over time, and the resulting state of the physical system over time, are uncertain and 
cannot be represented by a single view of the future. In light of this broad uncertainty, scenario 
planning can be used to consider and portray the broad range of plausible futures in a 
manageable number of scenarios. Scenario approaches have been widely applied in water 
planning and management, from global to regional scales, although specific methodologies have 
varied considerably (Alcamo and Gallopin, 2003; Mara and Thomure, 2009; Water Utility 
Climate Alliance, 2010).  

Scenarios are alternative views of how the future might unfold. Scenarios are not predictions or 
forecasts of the future. Rather, a set of well-constructed scenarios represents a range of plausible 
futures that assists in the assessment of future risks and the development of mitigation and 
adaptation options and strategies.  Figure A-1 shows this concept. At present, there is an 
understanding of the current state of the Colorado River system. For the future, a range of 
plausible futures, represented by the funnel, can be identified. The suite of scenarios used in the 
planning effort should be sufficiently broad to span the plausible range.  
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FIGURE A-1 
Conceptual Representation of the Uncertain Future of a System, also known as “The Scenario Funnel”  
(adapted from Timpe and Scheepers, 2003) 

 
 
 

3.0 Overview of Scenario Planning Process 
Figure A-2 presents the general steps involved in the scenario planning process as applied to a 
water resources planning study, from the initial point of framing the focal question(s) being 
addressed by the study, through the development and analysis of options and strategies to 
improve system performance.  

The shaded area within figure A-2 encapsulates the steps that are typically part of the 
development of scenarios, and are the focus of this report.   

Input from a broad sampling of stakeholders, experts, and others interested in the management of 
the system was crucial throughout the development of scenarios. This input ensured that the 
resulting scenarios were representative of the plausible range of futures in the view of those who 
best know the system. 

The five steps shown in figure A-2 for typical scenario development are described below. 

3.1 Frame the Question 
The scenario planning process begins with a clear understanding of the purpose and objectives of 
the planning study. Defining the focal question of the study is crucial to the development of 
scenarios and options and strategies. The focal question (or questions) is the key question or 
issue that the study wishes to address, and provides the framework for the consideration of the 
key forces that influence future uncertainty.  
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FIGURE A-2 
General Steps Involved in the Scenario Planning Process 
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3.2 Identify and Rank Driving Forces  
Driving forces are the factors that will likely have the greatest influence on the future state of the 
system and thereby the performance of the system over time. Although the driving forces that 
have been considered in water management studies have varied, driving forces within the 
following categories have generally been considered: 

• Natural Systems 
• Demographic  
• Economic  
• Technological 
• Social 
• Governance 
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Not all driving forces influence the system to the same degree or contribute the same level of 
uncertainty. In the development of scenarios, it is useful to rank each driving force based on its 
relative importance to the focal questions of the study and the relative degree of uncertainty of 
that driving force over time.  

3.3 Prioritize and Select Critical Uncertainties 
Critical uncertainties are the key driving forces that are identified as both highly uncertain and 
highly important. Stakeholder and other expert input is crucial for identifying these critical 
uncertainties to gauge the relative “importance” and “uncertainty” of each of the driving forces. 
This input can be gathered in various ways, such as holding workshops, conducting surveys, or 
using other outreach methods. The critical uncertainties can be identified from the expert input 
and other outreach, and a number of critical uncertainties are selected to form the basis for 
storyline development.  

3.4 Develop Storylines 
A storyline is the narrative description of a scenario, based on the critical uncertainties; the 
storyline provides the “plot” of the scenario. Development of storylines is a qualitative process, 
requiring the involvement of subject matter experts who have the best understanding of the 
system and of the critical uncertainties.  

The process of developing the storylines requires identifying parameters that describe each 
critical uncertainty, characterizing the evolution of those parameters over time, and combining 
the characteristics of various parameters into descriptions of plausible futures. 

Parameters are the variables that describe the behavior of a critical uncertainty. For example, for 
the critical uncertainty Changes in Population and Distribution, the parameters include 
“population” and “population distribution.” Once the parameters have been identified, the 
plausible range of each parameter over time is described. 

Figure A-3 shows a hypothetical high-, low-, and medium-growth curve for the key parameter, 
“population” on the left, and a similar hypothetical plot for the parameter, “municipal and 
industrial water use efficiency” parameter on the right. For each parameter, the curves represent 
qualitative characteristics describing plausible future trajectories. The two parameters in 
figure A-3 are descriptors of two separate critical uncertainties identified in the Study, Changes 
in Population Growth and Distribution and Changes in Municipal and Industrial Water Use 
Efficiency, respectively.  

In the development of the storylines, the critical uncertainties and associated parameter 
characteristics are combined based on logical, coherent descriptions of how the future may 
unfold. For example, high population growth may be envisioned with modest or large increases 
in water use efficiency as part of a particular storyline. As a result of this process, the storyline 
and its logic should be understandable to a broad range of stakeholders. Furthermore, an 
understanding of the combination of parameter characteristics in a given storyline assists in the 
subsequent step of quantifying the scenario.  
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FIGURE A-3 
Example of the Qualitative Characterization of Critical Uncertainties 

 

3.5 Develop Quantitative Scenarios 
Scenarios are the result of quantifying the parameter characteristics that are described in the 
storylines. As is the case with other steps in the scenario development process, stakeholder and 
other expert input is important to ensure that the resulting scenario depicts the appropriate range 
of each parameter as described in the storyline.  

For example, in the case of population growth, there may be differing views as to what 
constitutes high, medium, and low growth. Dialogue is necessary to ensure a common 
understanding of the storyline’s meaning and its subsequent quantification.  

In some cases, scenarios make use of quantitative information previously developed to address 
uncertainties. In these cases, the existing information is reviewed and checked for consistency 
with the assumptions and storyline process.  

Well-understood and well-documented scenarios are critical to implementing the process 
depicted in figure A-2. 

4.0 Implementation of Scenario Development Process  
The general steps involved in scenario planning are shown in figure A-2, and they provided the 
framework for the approach implemented in the Study. To specifically address the needs of the 
Study, this approach was customized and is shown in figure A-4. This section describes the 
specific steps undertaken in the Study.  

A collaborative process that engaged stakeholders was essential to the successful development of 
scenarios. For the Study, representatives of numerous organizations participated, including the 
Bureau of Reclamation (Reclamation), the Basin States, U.S. Fish and Wildlife Service, National 
Park Service, Bureau of Land Management, Western Area Power Administration, federally 
recognized tribes (tribes), conservation organizations, water delivery contractors, contractors for 
the purchase of federal power, and others interested in the Basin. This collaboration was 
accomplished through a variety of means, including workshops, surveys, and participation in 
sub-teams. 
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FIGURE A-4 
Scenario Development Process Used in the Study 
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4.1 Frame the Question 
The purpose and objectives defined in the Plan of Study (see Study Report, Appendix 1 – Plan of 
Study) were used to frame the focal questions that the Study addressed. These questions are:  

1. What is the future reliability of the Colorado River system to meet the needs of Basin 
resources through 2060?  

2. What are the options and strategies to mitigate future risks to these resources?  

The first question requires an understanding of the underlying components of future reliability: 
water supply and water demand. Specifically, what factors determine the future availability of 
water and what factors that determine the future demand for water? The scenario development 
process addressed these questions and resulted in scenarios of the future that define a range of 
plausible water supply and water demand outcomes.  

The second question relates to water management responses to mitigate and adapt to the potential 
impacts to Basin resources under scenarios of the future, and was the focus of the analysis and 
strategy development phases of the Study.  

4.2 Identify Driving Forces 
An initial list of 14 specific driving forces relevant to understanding potential future conditions 
was developed using the general categories previously described, based on experience managing 
the Colorado River system. Stakeholder teleconferences were conducted to seek input to refine 
and add to the initial list of driving forces. The stakeholder outreach was conducted by the Water 
Supply, Water Demand, and System Reliability Metrics Sub-Teams, and included members from 
water management entities, federal resource management agencies (fishery, recreation, energy, 
and land management), tribes, and conservation organizations. The input from these stakeholders 
expanded the initial list of driving forces from 14 to 18 and resulted in greater clarity in the 
definition of some driving forces. Table A-1 lists the driving forces.  The numbers were assigned 
for identification purposes only and do not imply priority. 

4.3 Rank Driving Forces  
Stakeholder and other expert input regarding the critical uncertainties was collected by 
conducting a survey (see appendix A1). The survey listed the 18 driving forces (table A-1) and 
asked the respondents to independently rate (using a scale of 1 through 5, with 5 being the 
highest) the relative importance and relative uncertainty associated with each driving force. 
Specifically, the respondents were asked to provide ratings based on the following two 
characteristics: 

• Importance (1 through 5): Rate the relative importance of the driving forces to the 
reliability of the Colorado River system to meet the needs of Basin resources through 2060 

• Uncertainty (1 through 5): Rate the relative uncertainty of the driving forces in the 
Colorado River Basin through 2060 
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TABLE A-1 
List of Driving Forces Influencing Future Colorado River System Reliability 
No. Driving Force 

1 Changes in streamflow variability and trends 

2 Changes in climate variability and trends (e.g., temperature, precipitation, etc.) 

3 Changes in watershed conditions (e.g., diseases, species transitions, etc.) 

4 Changes in population and distribution 

5 Changes in agricultural land use (e.g., irrigated agricultural areas, crop mixes, etc.) 

6 Changes in urban land use (e.g., conversion, density, urbanization, etc.) 

7 Changes in public land use (e.g., forest practices, grazing, wilderness areas, etc.) 

8 Changes in agricultural water use efficiency 

9 Changes in municipal and industrial water use efficiency 

10 Changes in institutional and regulatory conditions (e.g., laws, regulations, etc.) 

11 Changes to organization or management structures (e.g., state, federal, bi-national institutions)  

12 Changes in water needs for energy generation (e.g., solar, oil shale, thermal, nuclear, etc.) 

13 Changes in flow-dependent ecosystem needs for Endangered Species Act (ESA)-listed species 

14 Changes in other flow-dependent ecosystem needs 

15 Changes in social values affecting water use 

16 Changes in cost of energy affecting water availability and use 

17 Changes in water availability due to tribal water use and settlement of tribal water rights claims 

18 Changes in water quality including physical, biological, and chemical processes 

 

 
The respondents were encouraged to provide comments related to each response to aid in 
understanding the context of high or low responses. In addition, guidance was provided to the 
respondents relating to the first focal question and to the Study period (through 2060), 
consideration of current and evolving trends, and external versus internal factors.  

The survey was sent to all who participated in the driving forces list review and refinement. 
Some entities sought further input from their respective technical staffs and/or stakeholders. 
Respondents could respond to the survey anonymously, if desired, but their respective affiliation 
category was entered into a database. A total of 51 survey responses were received, with the 
affiliation category distribution as shown in table A-2. Water management entities comprised 
more than half of the responses, and conservation organizations, fishery management entities, 
and recreation entities represented approximately one-third of the responses.  
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TABLE A-2 
Summary of Respondent Affiliation Category for the Driving Force Uncertainty Survey 

Respondent Category No. of Responses Received 

Water Management Entities (including Reclamation) 28 

Conservation Organizations 9 

Fishery Management Entities 3 

Federally Recognized Tribes and Communities 3 

Water Resources Contractors 3 

Recreation Management Entities 2 

Energy Management Entities 2 

Land Management Entity 1 

Total 51 

 

The individual survey responses were compiled into a database, and the mean and standard 
deviation were computed for each driving force, as shown in table A-3. Driving forces that had 
the highest mean responses were classified as highly important and highly uncertain. The driving 
forces, “changes in streamflow variability and trends” (No. 1) and “changes in climate variability 
and trends” (No. 2), consistently ranked high in both importance and uncertainty. Similarly, 
“changes in population and distribution” (No. 4), consistently ranked high in importance. 
Although the sample size was relatively small for evaluating statistics, the standard deviation 
provided a measure of the differences in responses among the respondents. “Changes in 
streamflow variability and trends” (No. 1) was considered important by most respondents, as 
represented by a small standard deviation, whereas “changes in institutional and regulatory 
conditions” (No. 10) and “changes to organization or management Structures” (No. 11) had a 
wide range of responses in both importance and uncertainty.  

The results of the survey are also displayed in figure A-5. In this figure, the numbers are the 
driving forces listed in table A-1 and the plotting position is determined by the relative 
importance and relative uncertainty based on the mean of all survey responses. Driving forces 
that plotted to the upper right were believed to be highly important and highly uncertain, and 
those that plotted to the lower left were perceived by the respondents to be of lesser importance 
and lower uncertainty. The driving forces that plotted to the lower right were perceived to be of 
high importance, but had less uncertainty. 
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TABLE A-3 
Summary of Responses for the Driving Forces Survey1  

No. Driving Force 

Importance Uncertainty 

Mean 
Std 
Dev Mean 

Std 
Dev 

1 Changes in streamflow variability and trends 4.80 0.53 4.00 1.12 

2 Changes in climate variability and trends (e.g., temperature, 
precipitation, etc.) 

4.43 0.94 4.24 1.01 

3 Changes in watershed conditions (e.g., diseases, species transitions, 
etc.) 

2.46 1.10 3.27 0.88 

4 Changes in population and distribution 3.84 0.96 2.92 1.08 

5 Changes in agricultural land use (e.g., irrigated agricultural areas, crop 
mixes, etc.) 

3.71 1.17 2.73 1.00 

6 Changes in urban land use (e.g., conversion, density, urbanization, etc.) 2.65 0.96 2.38 1.02 

7 Changes in public land use (e.g., forest practices, grazing, wilderness 
areas, etc.) 

2.11 0.94 2.65 0.99 

8 Changes in agricultural water use efficiency 3.49 1.19 2.51 0.87 

9 Changes in municipal and industrial water use efficiency 3.31 1.12 2.39 0.84 

10 Changes in institutional and regulatory conditions (e.g., laws, 
regulations, etc.) 

3.54 1.24 3.54 1.25 

11 Changes to organization or management structures (e.g., state, federal, 
bi-national institutions)  

2.52 1.25 2.69 1.22 

12 Changes in water needs for energy generation (e.g., solar, oil shale, 
thermal, nuclear, etc.) 

3.62 1.11 3.53 1.08 

13 Changes in flow-dependent ecosystem needs ESA-listed species 3.55 1.00 3.39 1.11 

14 Changes in other flow-dependent ecosystem needs 3.06 1.13 3.17 1.19 

15 Changes in social values affecting water use 3.23 1.22 3.22 1.23 

16 Changes in cost of energy affecting water availability and use 2.92 1.16 2.64 1.22 

17 Changes in water availability due to tribal water use and settlement of 
tribal water rights claims 

2.95 1.18 2.91 1.05 

18 Changes in water quality, including physical, biological, and chemical 
processes 

2.76 1.25 2.89 1.27 

1 Respondent survey rating scale of 1 to 5, with 5 being the highest. 
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FIGURE A-5 
Plot of Mean Results from Driving Forces Survey 

 

 
Because of the differences in the number of respondents among groups, results based on 
particular respondent groups were evaluated. Figure A-6 represents the results from water 
management entity respondents (top) and the results from the conservation organizations and 
fishery management entities (bottom). In this figure, the hollow circles represent the ranking 
based on all responses, and the shaded circles represent the responses from the particular 
respondent group. 

While the sample sizes were small when partitioning in this fashion, there was a strong 
commonality of the results among these groups. For example, both respondent groups rated the 
streamflow variability (No. 1) and climate change (No. 2) driving forces as the highest, despite 
differences in absolute scores. Similarly, water needs for energy generation (No. 12) and flow-
dependent needs for ESA-listed species (No. 13) were rated highly important and highly 
uncertain by both groups.  
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FIGURE A-6 
Plot of Mean Results from Driving Forces Survey Water Management Respondents (top, 31 respondents), and Environmental 
Organizations and Fishery Management Agencies (bottom, 12 respondents) 
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4.4 Identify Critical Uncertainties  
Consideration of the relative rankings based on the survey responses led to identification of the 
critical uncertainties, as shown in the oval in figure A-7. The driving forces that were obviously 
located in the upper right in the figure were selected as critical uncertainties. For the driving 
forces near the middle of the graph, judgment and expertise were used to decide whether they 
should be considered as critical uncertainties.  

The initial list of critical uncertainties was checked to see if the results would have been different 
based on responses of individual respondent groups. Although there were some differences in 
terms of the relative magnitude of the ratings, it was concluded that the driving forces 
representing the critical uncertainties would not be different based on subsets of the survey 
responses. In general, the decision was made to be more inclusive, and the oval was expanded to 
include several of the driving forces in the middle range.  

 
FIGURE A-7 
Plot of Mean Results from Driving Forces Survey and Selected Critical Uncertainties 
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4.5 Associate Critical Uncertainties with Water Supply and Water Demand 
Water supply and water demand are the key factors affecting the future reliability of the 
Colorado River system. Although critical uncertainties may affect both supply and demand, each 
critical uncertainty was associated with the factor thought to be most affected. For critical 
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uncertainties that have significant impact to both supply and demand, adjustments to parameters 
affecting both water supply and water demand were made.  

The critical uncertainties were first grouped by the broader categories of driving forces. Then 
each driving force category was aligned with either water supply or water demand, depending on 
its anticipated area of greatest influence. The resulting association of critical uncertainties is 
shown in table A-4. The alignment of driving forces into water supply or water demand was 
performed to provide focus to the evaluation of the driving force, but the subsequent 
quantification of scenarios considered important linkages across water supply and water demand. 
For example, although changes in climate variability and trends will affect water demand 
(primarily through increased evapotranspiration due to increase in temperature), the potential 
influence is considered greater on water supply. For scenarios that explicitly included climate 
change, the associated demands were adjusted based on temperature-related effects on 
evapotranspiration (see Technical Report C – Water Demand Assessment). 

TABLE A-4 
Association of Critical Uncertainties with Key Factors in System Reliability  

Key Basin Study Driving Forces Identified in Survey 
General Driving 
Force Category 

Key Factor In 
System Reliability 

Most Affected 

Changes in streamflow variability and trends [No. 1] 
Changes in climate variability and trends (e.g., temperature, 
precipitation, etc.) [No. 2] 

Natural Systems 
(Hydroclimate) 

Water Supply 

Changes in population and distribution [No. 4] 
Changes in agricultural land use (e.g., irrigated agricultural areas, 
crop mixes, etc.) [No. 5] 

Demographics and 
Land Use 

Water Demand 

Changes in agricultural water use efficiency [No. 8] 
Changes in municipal and industrial water use efficiency [No. 9] 
Changes in water needs for energy generation (e.g., solar, oil 
shale, thermal, nuclear, etc.) [No. 12] 

Technology and 
Economics 

Water Demand 

Changes in institutional and regulatory conditions (e.g., laws, 
regulations, etc.) [No. 10] 
Changes in flow-dependent ecosystem needs for ESA-listed 
species [No. 13] 
Changes in other flow-dependent ecosystem needs [No. 14] 
Changes in social values affecting water use [No. 15] 
Changes in water availability due to tribal water use and 
settlement of tribal water rights claims [No. 17] 

Social and 
Governance 

Water Demand 

 

4.6 Develop Water Supply and Water Demand Scenarios 
After determining the associations of the critical uncertainties to the key factors of water supply 
and demand, additional stakeholder and subject matter expertise was sought to complete the 
scenario development process through the Water Supply and Water Demand Sub-Teams. 
Each sub-team had different requirements and therefore followed different steps, as shown in 
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figure A-4. These steps are discussed in Technical Report B – Water Supply Assessment and 
Technical Report C – Water Demand Assessment, respectively. 

The following scenarios were considered in the Study: 

Water Supply Scenarios Water Demand Scenarios 
● Observed Resampled 
● Paleo Resampled 
● Paleo Conditioned 
● Downscaled General Circulation 
● Model (GCM) Projected 

● Current Projected (A) 
● Slow Growth (B) 
● Rapid Growth (C1 and C2) 
● Enhanced Environment (D1 and D2) 

The themes associated with each scenario are described below. 

The water supply scenarios were focused around the key driving forces in the “natural systems” 
category. These driving forces relate primarily to streamflow variability and trends, and climate 
variability and trends. Reclamation has conducted research and development relating to the 
uncertainty of future hydrologic conditions, and these previous efforts were incorporated to the 
extent possible. The water supply scenarios used significant information from the observed 
record of streamflow, reconstructions of streamflow from tree-ring records, and projections of 
future hydroclimate conditions using downscaled global climate model results. The themes 
associated with the water supply scenarios are: 

• Observed Record Trends and Variability (Observed Resampled): Future hydrologic 
trends and variability are similar to the past approximately 100 years. 

• Paleo Record Trends and Variability (Paleo Resampled): Future hydrologic trends and 
variability are represented by reconstructions of streamflow for a much longer period in the 
past (nearly 1,250 years) that show expanded variability. 

• Observed Record Trends and Increased Variability (Paleo Conditioned): Future 
hydrologic trends and variability are represented by a blend of the wet-dry states of the 
longer paleo-reconstructed period (nearly 1,250 years), but magnitudes are more similar to 
the observed period (about 100 years). 

• Downscaled GCM Projected Trends and Variability (Downscaled GCM Projected): 
Future climate will continue to warm, with regional precipitation and temperature trends 
represented through an ensemble of future downscaled GCM projections and simulated 
hydrology. 

The assumptions, methods, and results for each of these water supply scenarios are discussed in 
detail in Technical Report B – Water Supply Assessment. 
The water demand scenarios were focused on the driving forces related to the general driving 
force categories, of “demographics and land use,” “technology and economics,” and “social and 
governance.” The Water Demand Sub-Team identified the parameters that most significantly 
influence each critical uncertainty within the demand-focused categories. The range of parameter 
characteristics and the logical combinations of those characteristics were explored by the Water 
Demand Sub-Team, resulting in the following themes: 
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• Current Projected (A): Growth, development patterns, and institutions continue along 
recent trends 

• Slow Growth (B): Slow growth with emphasis on economic efficiency 

• Rapid Growth (C1 and C2): Economic resurgence (population and energy) and current 
preferences toward human and environmental values 

• Enhanced Environment (D1 and D2): Expanded environmental awareness and stewardship 
with growing economy 

The assumptions, methods, and storylines for each of the water demand scenarios are discussed 
in detail in Technical Report C – Water Demand Assessment. 

5.0 Conclusions  
To assess the future reliability of the Colorado River system, the water supply and water demand 
scenarios were combined to yield scenarios for both supply and demand, as depicted in figure A-
8 and described in detail in Technical Report A – Water Supply Assessment and Technical Report 
B – Water Demand Assessment. Each water supply scenario, relating primarily to the driving 
forces of streamflow and climate variability and trends, was combined with each water demand 
scenario, relating to “demographics and land use,” “technology and economics,” and “social and 
governance” driving forces to capture a more-complete description of the range of future 
uncertainty influencing the Colorado River system. All combinations of water supply and water 
demand scenarios were used to assess system reliability for a sufficiently broad range of 
plausible futures.  
FIGURE A-8 
Illustration of Combined Water Supply and Water Demand Scenarios 
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Disclaimer 
The Colorado River Basin Water Supply and Demand Study (Study) is funded jointly by the Bureau of 
Reclamation (Reclamation) and the seven Colorado River Basin States (Basin States). The purpose of 
the Study is to analyze water supply and demand imbalances throughout the Colorado River Basin and 
those adjacent areas of the Basin States that receive Colorado River water through 2060; and develop, 
assess, and evaluate options and strategies to address the current and projected imbalances.  
Reclamation and the Basin States intend that the Study will promote and facilitate cooperation and 
communication throughout the Basin regarding the reliability of the system to continue to meet Basin 
needs and the strategies that may be considered to ensure that reliability. Reclamation and the Basin 
States recognize the Study was constrained by funding, timing, and technological and other limitations, 
and in some cases presented specific policy questions and issues, particularly related to modeling 
and interpretation of the provisions of the Law of the River during the course of the Study. In such 
cases, Reclamation and the Basin States developed and incorporated assumptions to further complete 
the Study. Where possible, a range of assumptions was typically used to identify the sensitivity of the 
results to those assumptions. 
Nothing in the Study, however, is intended for use against any Basin State, any federally recognized 
tribe, the federal government or the Upper Colorado River Commission in administrative, judicial or 
other proceedings to evidence legal interpretations of the Law of the River. As such, assumptions 
contained in the Study or any reports generated during the Study do not, and shall not, represent a legal 
position or interpretation by the Basin States, any federally recognized tribe, federal government or 
Upper Colorado River Commission as it relates to the Law of the River. Furthermore, nothing in the 
Study is intended to, nor shall the Study be construed so as to, interpret, diminish or modify the rights 
of any Basin State, any federally recognized tribe, the federal government, or the Upper Colorado River 
Commission under federal or state law or administrative rule, regulation or guideline, including without 
limitation the Colorado River Compact (45 Stat. 1057), the Upper Colorado River Basin Compact (63 
Stat. 31), the Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande, Treaty 
Between the United States of America and Mexico (Treaty Series 994, 59 Stat. 1219), the United 
States/Mexico agreement in Minute No. 242 of August 30, 1973 (Treaty Series 7708; 24 UST 1968), or 
Minute No. 314 of November 26, 2008, or Minute No. 318 of December 17, 2010, or Minute No. 319 
of November 20, 2012, the Consolidated Decree entered by the Supreme Court of the United States in 
Arizona v. California (547 U.S 150 (2006)), the Boulder Canyon Project Act (45 Stat. 1057), the 
Boulder Canyon Project Adjustment Act (54 Stat. 774; 43 U.S.C. 618a), the Colorado River Storage 
Project Act of 1956 (70 Stat. 105; 43 U.S.C. 620), the Colorado River Basin Project Act of 1968 
(82 Stat. 885; 43 U.S.C. 1501), the Colorado River Basin Salinity Control Act (88 Stat. 266; 43 
U.S.C. 1951) as amended, the Hoover Power Plant Act of 1984 (98 Stat. 1333), the Colorado River 
Floodway Protection Act (100 Stat. 1129; 43 U.S.C. 1600), the Grand Canyon Protection Act of 1992 
(Title XVIII of Public Law 102-575, 106 Stat. 4669), or the Hoover Power Allocation Act of 2011 
(Public Law 112-72). In addition, nothing in the Study is intended to, nor shall the Study be construed 
so as to, interpret, diminish or modify the rights of any federally recognized tribe, pursuant to 
federal court decrees, state court decrees, treaties, agreements, executive orders and federal trust 
responsibility. Reclamation and the Basin States continue to recognize the entitlement and right of 
each State and any federally recognized tribe under existing law, to use and develop the water of the 
Colorado River system. 
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Appendix A1 — Driving Forces Survey 

1.0 Instructions/Guidance for Completing the 
Colorado River Basin Water Supply and 
Demand Study Driving Forces Survey 

1.1 Survey Objectives 

The Plan of Study, provided in Driving forces represent the key factors that affect the reliability 

of the Colorado River system over time. The attached survey is intended to receive input from 

representatives of water agencies, other federal and state agencies, Native American Tribes and 

communities, other stakeholders, and other experts on the relative importance and uncertainty of 

each of the driving forces over the next 50 years. The overall objective of the survey is to 

identify the critical uncertainties that will form the basis of storylines and scenarios for the 

Colorado River Basin Water Supply and Demand Study (Study). Critical uncertainties are key 

driving forces that are both highly important and highly uncertain. 

The purpose and objectives for the Study can be expressed in two fundamental questions: 

1. What is the future reliability of the Colorado River system to meet the needs of Basin 

resources through 2060? 

2. What are the options and strategies to mitigate future risks to these resources? 

The first question relates directly to incorporating uncertainty and is the focus of the scenario 

development process. This survey is an important element in that process. The second question 

relates to management responses to the potential impacts under uncertain futures and is the focus 

of the water management option and strategy development. This question will be addressed in 

the “options and strategies” phase of the Study.  

1.2 Survey Format 

The survey includes a list of driving forces that influence the future reliability of the Colorado 

River system. The respondent is requested to independently rate (using a scale of 1 through 5, 

with 5 being the highest) the relative “importance” and “uncertainty” associated with each 

driving force with respect to the key question or focal issue of the Study being addressed through 

the scenario development process: 

 Importance (1 through 5): Rate the relative importance of the driving forces to the 

reliability of the Colorado River system to meet the needs of Basin resources through 2060 

 Uncertainty (1 through 5): Rate the relative uncertainty of the driving forces in the 

Colorado River Basin through 2060 

The respondent is encouraged to provide comments related to each response. Such comments 

will help the Study Team better analyze the data received, particularly for high and low ratings. 
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1.3 Guidance for Completing the Survey 

The driving forces list is intended to be relatively broad to capture the large-scale mechanisms 

that influence the system reliability. Not every variation on a driving force category is necessary 

at this point in the scenario development process as details of the critical uncertainties will be 

explored in the next steps of the scenario development process. However, please provide any 

comments you have that may help us better understand your views regarding a particular driving 

force.  

Some additional guidance may be helpful in the completion of the survey: 

1. Relate all ratings to the key question/focal issue 

a. What is the reliability of the Colorado River system to meet the needs of Basin resources 

through 2060? 

2. Consider the current influence of the driving force in addition to evolving trends and the 

range of effects of the driving force through 2060 

a. How important is the driving force on the system today? What are the current trends in 

these forces? Are the future trends likely to following the same trajectory? What is the 

magnitude of these influences?  

3. Distinguish between “external” factors (i.e., those factors that are largely outside of the 

control of water management entities) and “internal” factors (i.e., those factors that are 

largely within the control of water management entities and will be addressed in the “options 

and strategies” phase of the Study) 

a. Consider each factor in the context of the forces that are largely “external” to the control 

of water management entities. 

4. Keep your ratings of importance and uncertainty separate 

a. Importance is a relative measure of the magnitude of the influence of a driving force on 

system reliability. 

b. Uncertainty is a relative measure of the likelihood of occurrence of the driving force over 

the planning horizon. 

5. Keep in mind that the survey is a relative comparison 

a. You may wish to make two passes through the survey—the first to gauge an initial 

baseline and the second to align the relative rating of all driving forces.  
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1.4 Complete and Return the Survey 

Please complete the survey, indicating 1 through 5 in the “importance” and “uncertainty” 

columns for each driving force. Please add comments that will help to convey the reasons for and 

the intent of a specific rating. 

The survey responses can either be typed directly into the form or filled out by hand.  

Please return the survey to Amber Cunningham via email (AZCunningham@usbr.gov) or fax to 

(702) 293-8156 by 12:00 PM PDT on Thursday August 26.  

Please call Amber at (702) 293-8472 if you have questions/problems. 

 

mailto:AZCunningham@usbr.gov
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TABLE A1-1 

Table of Driving Forces and Survey Relating to Importance and Uncertainty 

Name/Organization (optional): 

Importance (1–5): Rate the relative importance of the driving forces to the reliability of the Colorado River system to meet the needs of Basin resources through 

2060 

Uncertainty (1–5): Rate the relative uncertainty of the driving forces in the Colorado River Basin through 2060 

Importance Rating Guidance: 1=Relatively Unimportant, 3=Important, 5=Extremely Important 

Uncertainty Rating Guidance: 1=Relatively Certain, 3=Uncertain, 5=Highly Uncertain 

NA=Enter “NA” if you are unfamiliar with the driving force (Note: will not be included in final rating) 

 

No. Driving Forces Importance Uncertainty Comment 

1 Changes in streamflow variability and trends    

2 Changes in climate variability and trends (e.g., temperature, precipitation, etc.)    

3 Changes in watershed conditions (e.g., diseases, species transitions, etc.)    

4 Changes in population and distribution    

5 
Changes in agricultural land use (e.g., irrigated agricultural areas, crop mixes, 
etc.) 

   

Table continued on next page  
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No. Driving Forces Importance Uncertainty Comment 

6 Changes in urban land use (e.g., conversion, density, urbanization, etc.)    

7 
Changes in public land use (e.g., forest practices, grazing, wilderness areas, 
etc.) 

   

8 Changes in agricultural water use efficiency    

9 Changes in municipal and industrial water use efficiency    

10 Changes in institutional and regulatory conditions (e.g., laws, regulations, etc.)    

11 
Changes to organization or management structures (e.g., state, federal, bi-
national institutions, etc.) 

   

12 
Changes in water needs for energy generation (e.g., solar, oil shale, thermal, 
nuclear, etc.) 

   

13 Changes in flow-dependent ecosystem needs for ESA-listed species    

14 Changes in other flow-dependent ecosystem needs    

Table continued on next page  
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No. Driving Forces Importance Uncertainty Comment 

15 Changes in social values affecting water use    

16 Changes in cost of energy affecting water availability and use    

17 
Changes in water availability due to tribal water use and settlement of tribal 
water rights claims 

   

18 Changes in water quality including physical, biological, and chemical processes    
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Technical Report B — Water Supply 
Assessment 

1.0 Introduction 
The Colorado River Basin Water Supply and Demand Study (Study), initiated in January 2010, 
was conducted by the Bureau of Reclamation’s (Reclamation) Upper Colorado and Lower 
Colorado regions, and agencies representing the seven Colorado River Basin States (Basin 
States) in collaboration with stakeholders throughout the Colorado River Basin (Basin). The 
purpose of the Study is to define current and future imbalances in water supply and demand in 
the Basin and the adjacent areas of the Basin States that receive Colorado River water over the 
next 50 years (through 2060), and to develop and analyze adaptation and mitigation strategies to 
resolve those imbalances. The Study contains four major phases to accomplish this goal: Water 
Supply Assessment, Water Demand Assessment, System Reliability Analysis, and Development 
and Evaluation of Options and Strategies for Balancing Supply and Demand. 

Spanning parts of the seven states of Arizona, California, Colorado, New Mexico, Nevada, Utah, 
and Wyoming, the Colorado River is one of the most critical sources of water in the western 
United States. The Colorado River is also a vital resource to the United Mexican States 
(Mexico). It is widely known that the Colorado River, based on the inflows observed over the 
last century, is over-allocated and supply and demand imbalances are likely to occur in the 
future. Up to this point, this imbalance has been managed, and demands have largely been met as 
a result of the considerable amount of reservoir storage capacity in the system, the fact that the 
Upper Basin States are still developing into their apportionments, and efforts the Basin States 
have made to reduce their demand for Colorado River water. 

Concerns regarding the reliability of the Colorado River system to meet future needs are even 
more apparent today. The Basin States include some of the fastest growing urban and industrial 
areas in the United States. At the same time, the effects of climate change and variability on the 
Basin water supply has been the focus of many scientific studies which project a decline in the 
future yield of the Colorado River. Increasing demand, coupled with decreasing supplies, will 
certainly exacerbate imbalances throughout the Basin.  

It is against this backdrop that the Study was conducted to establish a common technical 
foundation from which important discussions can begin regarding possible strategies to reduce 
future supply and demand imbalances. The content of this report is a key component of that 
technical foundation and describes the Study’s assessment of water supply. The purpose of the 
Water Supply Assessment is to determine the probable magnitude and variability of historical 
and future natural flows in the Basin. Natural flow represents the flow that would have occurred 
at a location, had depletions and reservoir regulation not been present upstream of that location.  

Because the magnitude and variability of future water supply is uncertain, a set of future water 
supply scenarios were developed to explore that uncertainty, including the potential effects of 
future climate variability and climate change. The water supply projections were used to analyze 
future reliability of the river system to meet water demands, with and without future options and  
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strategies. The Water Supply Assessment drew on the expertise of researchers and analysts 
worldwide who have been investigating the hydrology of the Basin and the dynamics of global 
climate change. 

Initially published in June 2011 under Interim Report No. 1 with updates published in February 
2012, this report replaces these earlier publications. 

2.0 Approach to Water Supply Scenario Development 
A scenario planning process was implemented to examine the uncertainty in future water supply 
and demand and is detailed in Technical Report A – Scenario Development. As noted in that 
report, a collaborative process that engages stakeholders was essential to the successful 
development of future scenarios. Numerous organizations participated in the Water Supply 
Assessment, including representatives of the Reclamation, Reclamation’s Technical Service 
Center, the Basin States, U.S. Fish and Wildlife Service, National Oceanic and Atmospheric 
Administration (NOAA), federally recognized tribes, conservation organizations, and others 
interested in the Basin. This collaboration was accomplished through a variety of means, 
including participation in a Water Supply Sub-Team and direct contact with the organizations 
listed above. The Water Supply Sub-Team members and the points of contact are identified in 
appendix B1 of this report. 

A scenario is an alternative view of how the future might unfold. Scenarios are not predictions or 
forecasts of the future. The scenario planning process involved identifying the key driving forces 
(i.e., the factors that will likely have the greatest influence on the future state of the system and 
thereby the performance of the system over time), ranking the driving forces as to their relative 
importance and relative uncertainty, and associating the highly uncertain and highly important 
driving forces, identified as critical uncertainties, with either water supply or water demand. The 
process is shown in figure B-1, which is also presented in Technical Report A – Scenario 
Development. The critical uncertainties that were identified and associated with water supply 
(the step, “Associate Critical Uncertainties with Water Supply and Demand,” shown in 
figure B-1) are: 

• Changes in Streamflow Variability and Trends 
• Changes in Climate Variability and Trends 

See Technical Report C – Water Demand Assessment for a discussion of the critical uncertainties 
associated with water demand.  

The subsequent process (shown on the left-hand side of figure B-1 and labeled “Supply”) was 
used by the Water Supply Sub-Team to move from the critical uncertainties to supply scenarios. 
Each step of this process is described in the following sub-sections.  
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FIGURE B-1 
Scenario Development Process 
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2.1 Identify Characteristics within each Critical Uncertainty 
Characteristics can be either qualitative or quantitative descriptions of the trend or values over 
time that describe the trajectory of the critical uncertainty. In 2004, Reclamation initiated a 
multi-faceted research and development program to enable the use of methods beyond those that 
use the observed record for projecting possible future inflow sequences for Basin planning 
studies. Through this effort, two additional water supply scenarios were developed and have 
been used in previous Basin planning studies; these scenarios assume that characteristics of the 
water supply critical uncertainties are represented by the observed and paleo-reconstructed 
streamflow records. These scenarios, Paleo Resampled and Paleo Conditioned, have most 
recently been published in appendix N of the Colorado River Interim Guidelines for Lower Basin 
Shortages and Coordinated Operations for Lake Powell and Lake Mead Final Environmental 
Impact Statement (2007 Interim Guidelines Final Environmental Impact Statement [EIS]) 
(Reclamation, 2007). 

For purposes of the Study, it was determined that these previously used scenarios did not 
represent a sufficiently broad range of plausible futures because they did not include the 
consideration of changing climate beyond what has occurred in history. For this reason, a fourth 
scenario was developed that assumes the characteristics of the critical uncertainties Changes in 
Streamflow Variability and Trends, and Changes in Climate Variability and Trends are indicated 
by Downscaled General Circulation Model (GCM) projections and simulated hydrology. 

2.2 Water Supply Scenarios 
The following scenarios and associated themes were considered in the Study: 

• Observed Record Trends and Variability (Observed Resampled): Future hydrologic 
trends and variability are similar to the past approximately100 years. 

• Paleo Record Trends and Variability (Paleo Resampled): Future hydrologic trends and 
variability are represented by reconstructions of streamflow for a much longer period in the 
past (nearly 1,250 years) that show expanded variability. 

• Observed Record Trends and Increased Variability (Paleo Conditioned): Future 
hydrologic trends and variability are represented by a blend of the wet-dry states of the 
longer paleo reconstructed period (nearly 1,250 years), but magnitudes are more similar to 
the observed period (about 100 years). 

• Downscaled GCM Projected Trends and Variability (Downscaled GCM Projected): 
Future climate will continue to warm with regional precipitation and temperature trends 
represented through an ensemble of future Downscaled GCM Projections and simulated 
hydrology. 

The scenarios each use well-established techniques to represent plausible future water supply 
conditions. The Observed Resampled, Paleo Resampled, and Paleo Conditioned scenarios use 
approaches previously developed to represent a range of hydroclimatic variability (annual to 
decadal scales) under a broad retrospective view. These scenarios are considered plausible in that 
they represent the range of hydroclimatic conditions experienced in the past. Future changes in 
climate variability and trends, and their influence on streamflow and Basin water supply, have 
been studied by several researchers in recent years. The Study represents the first time future 
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climate scenarios have been included in Reclamation’s Basin planning studies. For these reasons, 
greater detail is provided for the Downscaled GCM Projected scenario in this report. This 
scenario is considered plausible in that it reflects a growing body of scientific research 
suggesting future changes in hydroclimatic conditions globally and in the Basin. Each of the 
scenarios in the Study is considered a plausible future condition and is informative for future 
Basin planning. 

3.0 Summary of the Water Supply Assessment Approach 
A plausible range of future water supply scenarios was considered to analyze the future 
reliability of the system. An assessment of historical supply conditions was performed to 
facilitate an understanding of how the projected future supply conditions under each scenario 
differ from historical supply conditions. This section describes the water supply indicator groups 
analyzed for historical and future conditions and includes a summary of published research 
related to Basin supply. 

3.1 Tools and Methods 
The assessment of historical and future supply conditions focused on four main groups of water 
supply indicators, presented in figure B-2. The water supply indicator groups are interrelated: 
climate influences hydrologic processes; hydrologic processes generate streamflow; and 
teleconnections (defined below) influence the oscillation of climate patterns.  
FIGURE B-2 
Water Supply Indicator Groups Used in the Study 

 
 
Although the primary indicator of water supply in the Basin is streamflow, a fundamental 
understanding of the processes that influence the quantity, location, and timing of streamflow is 
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derived from gridded data sets (Maurer et al., 2002; Maurer et al., 2007; Reclamation, 2011a), 
and spatial averaging was performed for selected sub-basins associated with Reclamation’s 
natural flow computation points. The sub-basin averaging of climate and hydrologic process 
information allowed assessment of broader regions of the Basin than the detailed grid cell 
calculations. 

Climate teleconnection indicators considered were the El Nino Southern Oscillation (ENSO), 
Pacific Decadal Oscillation (PDO), and Atlantic Multi-decadal Oscillation (AMO) indices. 
Teleconnections refer to the linkage between large-scale, ocean-atmosphere patterns (such as 
ENSO, PDO, and AMO) and weather or climate changes within a separate region of the globe 
(e.g., precipitation patterns in the Basin). Finally, streamflow indicators considered were natural 
flows at select locations in the Basin. 

Natural flow represents the flow that would have occurred at the location had depletions and 
reservoir regulation not been present upstream of that location. Natural flow has been computed 
historically by Reclamation1 and is currently available for 29 locations throughout the Basin: 
20 locations in the Upper Basin upstream of and including the Lees Ferry gaging station in 
Arizona; and nine additional locations below Lees Ferry, including the Paria River and other 
inflow points in the Lower Basin. These locations are shown in figure B-3. At this time, Basin-
wide, natural flow estimates extend from 1906 through 20082. Although all gages were not in 
place back to 1906, the existing records were extended back to 1906 using methods described in 
Lee et al. (2006).  

For some tributaries in the Lower Basin (specifically the Little Colorado River, Virgin River, and 
Bill Williams River), U.S. Geological Survey (USGS)-gaged flows at specific locations near the 
confluence of the tributary and the Colorado River mainstream were used in place of natural 
flows. This approach was also taken for the Paria River, which joins the Colorado River just 
downstream of Lees Ferry, Arizona. In addition, the Gila River is not included in the Colorado 
River Simulation System (CRSS) and is therefore not included as one of the 29 locations where 
natural flow is estimated throughout the Basin. See Technical Report C – Water Demand 
Assessment, Appendix C11 – Modeling of Lower Basin Tributaries in the Colorado River 
Simulation System, for further discussion. 

CRSS is Reclamation’s primary Basin-wide simulation model used for long-term planning 
studies and, in its current configuration, requires natural flow inputs at these 29 locations on a 
monthly time step over the Study’s planning horizon. This report describes the specific methods 
used to quantify, and results of, the water supply scenarios considered in the Study. 

Additional information related to water supply data and methods is provided in appendix B2. 

                                                 
1 Additional information, documentation, and the natural flow data are available at  

http://www.usbr.gov/lc/region/g4000/NaturalFlow/index.html. 
2 At the time the analysis for this report was performed, natural flow data were available only through 2008. 

http://www.usbr.gov/lc/region/g4000/NaturalFlow/index.html
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FIGURE B-3 
Colorado River Basin and 29 Natural Flow Locations (Reclamation, 2011a) 
Of the 29 streamflow locations, a subset was used for analysis in this report. Circled stations are used for describing climate and 
streamflow in this report; red dashed circled stations are used to describe climate, orange dashed circled stations are used to 
describe both climate and streamflow, and solid orange circled stations are used to describe only streamflows. 
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3.2 Sources of Data and Information 
An extensive review of relevant literature, water supply studies, and hydroclimatic data was 
performed as part of the Water Supply Assessment. The Basin supply has been studied by 
numerous researchers, and a wealth of information is available, including several recent studies 
directly relevant to the Study. Relevant hydroclimate data were collected throughout the Water 
Supply Assessment, with particular emphasis on gridded climate data sets and natural flows for 
the 29 natural flow locations in the Basin.  

3.2.1 Literature Review 
Due to its strategic importance as a source of water for the western United States, the Colorado 
River is one of the most studied river systems in the world. The Basin water supply has been 
assessed using a variety of hydrologic analyses for many decades, but efforts accelerated in the 
1990s with the availability of GCMs and observed increased streamflow variability (Pagano and 
Garen, 2005). Reclamation published an extensive literature review of Colorado River climate 
and hydrology studies in appendix U of the 2007 Interim Guidelines Final EIS (Reclamation, 
2007). This appendix summarizes the state of the science in 2007. In 2011, Reclamation’s 
Technical Service Center published a second edition of the Literature Synthesis on Climate 
Change Implications for Water and Environmental Resources (Reclamation, 2011b) that 
summarizes relevant research through the summer of 2010. Provided below is a brief summary 
of past efforts and research that were used to assess Basin supply. 

• The following studies: Gleick (1987); Nash and Gleick (1991, 1993); Hamlet and 
Lettenmaier (1999); McCabe and Wolock (1999a, 1999b); and Wilby et al. (1999) discuss 
climate change impacts on the hydrology and water resources of western U.S. river basins. 
All these studies assume or predict increasing temperatures, but disagree about both the 
magnitude and direction of precipitation changes.  

• Nash and Gleick (1991) evaluate prescribed changes of +2 degrees Celsius (°C) and +4 °C, 
coupled with precipitation reductions of 10 and 20 percent. The 2 °C increase per 10 percent 
precipitation decrease resulted in a 20 percent streamflow reduction, while the 4 °C increase 
per 20 percent precipitation decrease resulted in a 30 percent runoff decrease. 

• Christensen et al. (2004) project average temperature increases of 1.0 °C, 1.7 °C, and 2.4 °C, 
and precipitation decreases of 3, 6, and 3 percent for the Basin for the periods 2010 to 2039, 
2040 to 2069, and 2070 to 2099, respectively, relative to the period 1950 to 1999 means. The 
temperature and precipitation changes lead to reductions of April 1 SWE of 24, 29, and 30 
percent, and runoff reductions of 14, 18, and 17 percent for the three periods.  

• Updated analyses by Christensen and Lettenmaier (2007) using a larger ensemble of 
climate projections, result in smaller mean projected reductions in Lees Ferry flows (less than 
11 percent).  

• Hoerling et al. (2009), in an attempt to reconcile streamflow estimates by several researchers, 
summarize the recent hydroclimatic analyses of the Basin and find that the projections range 
from a 5 to 20 percent reduction in streamflow by 2050.  

• A recently released Colorado River Water Availability Study (Colorado Water Conservation 
Board, 2010) focuses on the State of Colorado’s hydrometeorological contribution to the 
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Colorado River system. The study describes the tools available to simulate river hydrology, 
agricultural demands, water allocation, and decision support. 

• Several papers in a special issue of the Proceedings of the National Academy of Sciences on 
climate change and water in southwestern North America (Sabo et al., 2010) focus on the 
climate and water supply in the Basin. Cayan et al. (2010) provide an analysis of the current 
Colorado River drought and suggest that, although the current drought is exceptional in the 
observed record, future droughts in the Basin may be more severe and longer in duration. 
Woodhouse et al. (2010) provide the 1,200-year perspective on Southwestern drought, draw 
linkages of warming to paleo drought severity, and place the drought in context with the 
medieval period worst-case drought. Seager and Vecchi (2010) attribute the current and 
future Southwest drying to a broader expansion of the Hadley cell that causes storms to track 
farther north. It is important to note that the latter study (Seager and Vecchi, 2010) suggests 
decreases in winter (October through March) precipitation, although many other studies 
(including Cayan et al., 2010) suggest increases during this same period for much of the 
Basin. It is not clear whether this discrepancy is due to the large domain (southwest North 
America, from southern Mexico to the Oregon-California border and from the Pacific Ocean 
to the High Plains) that is being averaged, or due to the lack of regional/local spatial 
resolution of the GCM-based information. 

• Das et al. (2011) further evaluate the effect of seasonal differences in warming on Colorado 
River streamflow changes. The Intergovernmental Panel on Climate Change (IPCC) Fourth 
Assessment Report group of climate models indicates that climate warming over the Basin 
may be greater in summer than in winter. Das et al. (2011) find that annual Colorado River 
streamflow is more sensitive to warm season (April through September) warming than cold 
season warming (October through March), and is the most sensitive of the four western river 
basins evaluated. A 3 °C warming in the warm season results in a 13.3 percent reduction in 
annual flow, while the same warming applied during the cool season results in an annual 
flow reduction of only 3.5 percent. Climate warming, especially if amplified in summer as 
projected, may drive significant reductions in available supply, even if there is no reduction 
in precipitation.  

Common to nearly all this research is the projection of continued and accelerated warming in the 
Basin and very likely increases in the severity of future droughts. However, the research suggests 
continued uncertainty in projections of the magnitude and direction of potential future changes in 
annual precipitation. Effective treatment of this uncertainty is important in making credible 
estimates of future water supply.  

3.2.2 Data Sources 
The Water Supply Assessment relied on a variety of peer-reviewed datasets collected by 
Reclamation, other recognized federal sources, and hydrologic modeling results obtained from 
Reclamation’s West-Wide Climate Risk Assessment study (Reclamation, 2011c). The data 
sources and methods are described further in subsequent sections of this report and a complete 
listing is collectively included in appendices B2, B3, and B4. 
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4.0 Historical Supply 
An assessment of the Basin’s historical climate and hydrology is critical for a robust 
understanding of the projected changes associated with each of the four future water supply 
scenarios. For this reason, an assessment of the historical supply of the Basin is first presented. 
This presentation begins with a discussion of the methods used to perform the assessment, 
followed by the results for the four groups of water supply indicators: climate, hydrologic 
processes, climate teleconnections, and streamflow. 

4.1 Methods 
Historical daily temperature and precipitation data for 1950 to 2005 (Maurer et al., 20023) were 
processed into average temperature and total precipitation for each month and year of the period. 
Monthly, seasonal, and annual statistics were computed for each grid cell (1/8th-degree 
resolution, or about 12 kilometers [km]) of the gridded meteorological dataset for the 1971 to 
2000 historical period to represent the historical climatology and compare to future projected 
climates. The historical dataset was derived from individual NOAA Cooperative Observer 
station observations and gridded to the 1/8th-degree using mapping algorithms that account for 
station elevation, orographic effects, and other characteristics (Maurer et al., 2002).  

Climate is defined by the World Meteorological Organization (2011) as the “average weather,” 
or a statistical description in terms of the mean and variability of variables such as temperature, 
precipitation, and wind. Climate change is the shift in the long-term weather statistics, or trend, 
that a region experiences. Thus, climate change cannot be represented by single annual events or 
individual anomalies. That is, a single large flood event or particularly hot summer is not an 
indication of climate change, although a series of floods or warm years that statistically change 
the average precipitation or temperature over time may indicate climate change. The World 
Meteorological Organization recommends the use of a 30-year period for evaluating climate. At 
the time the Study was initiated, the established 30-year climatological period as described by 
NOAA (2011) was the 1971 to 2000 historical period. This period was used in the study to 
define the historical base climate. While NOAA has recently updated its climatological period to 
1981 to 2010, climate and hydrologic information from various sources were not available at the 
time required to support this assessment for the Basin. 

The historical climatological period allows for the averaging of individual year and multi-year 
variability over a longer period to capture the average conditions. A longer period could have 
been selected as the historical base period, but ensuring consistency with NOAA’s period 
definition, and establishing a period consistent with tracking future changes (desire to estimate 
future changes for similar 30-year time slices), were considered important to define time-varying 
changes in this analysis. The seasons are defined as follows: Fall (October, November, and 
December); Winter (January, February, and March); Spring (April, May, and June); and Summer 
(July, August, and September). 

Historical hydrologic parameter data were generated by the Variable Infiltration Capacity (VIC) 
model for the period 1950 to 2005. The VIC model (Liang et al., 1994; Liang et al., 1996; 
Nijssen et al., 1997) is a spatially distributed macro-scale hydrologic model that solves the water 
balance at each model grid cell. The VIC model is populated with the historical temperature and 
                                                 
3 Subsequent to Maurer et al. (2002), the climate dataset was extended to 2005 using identical methods. 
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precipitation data to simulate historical hydrologic parameters (Maurer et al., 2002). Appendix 
B4 provides details on the VIC model and its application in the Study. The simulated hydrologic 
parameters include ET, runoff (surface runoff), baseflow (subsurface runoff), soil moisture (in 
each of three soil layers), and SWE. Representative statistics describing these parameters were 
generated on monthly, seasonal, and annual bases. The statistical analysis was conducted on both 
grid cell and watershed bases. The results of the grid cell analysis produce the most informative 
map graphics and clearly show spatial variation at the greatest resolution possible, while the 
watershed basis provides an aggregate graphic of the variation across a natural flow station’s 
watersheds. 

Climate teleconnections were analyzed first by selecting indices that could have potential 
influence in streamflow changes for the Basin. Published research (such as Redmond and Koch, 
1991; Diaz and Kiladis, 1992; and McCabe et al., 2004) indicates that the strongest correlations 
with Basin flows were observed with the ENSO and PDO indices. For ENSO, data were 
collected for both the ocean component (sea surface temperature anomalies) and the atmospheric 
component (sea level pressure anomalies). The sea surface temperature anomalies indicate the 
relative temperature state of the tropical Pacific Ocean as compared to normal (warm phase 
indicating El Nino conditions), while the sea level pressure anomalies are one measure of large-
scale fluctuations in air pressure occurring between the western and eastern tropical Pacific. The 
two components are highly correlated and, combined, describe ENSO. The Southern Oscillation 
Index (SOI) was the primary dataset used in the Study to describe ENSO due to the longer period 
of data availability. The PDO indicates the longer-term (about 15 to 25 years) oscillation of the 
north Pacific Ocean sea surface temperatures. The PDO index, which indicates the warm or cool 
phase of the sea surface temperatures, has been linked to decadal-length period of above average 
or below average precipitation and was used directly in this assessment. The quantitative 
teleconnections analysis was based on the SOI and the PDO indices.  

Only a qualitative discussion of the AMO is included in this report. For additional information 
pertaining to indices' choice, refer to appendix B2.  

Annual average values for the SOI were computed using different annual windows. The 
average SOI presented in the Study refers to the June through November period, which was 
identified as a strong indicator of ENSO events (Redmond and Koch, 1991). Once the SOI 
averages were computed, ENSO events were determined by years where the averaged SOI was 
below -1 (classified as an El Niño year) or above 1 (classified as a La Niña year). Annual 
averages of the PDO on a water year basis were calculated and compared with the same water 
year annual flows. A warm PDO was defined as a value greater than or equal to 0.0 and a cold 
PDO was a PDO value less than 0.0.  

Two historical streamflow data sets, the observed record spanning the period 1906 to 2007, and 
the paleo reconstructed record spanning the period 762 to 2005 (Meko et al., 2007), were used in 
the Study to characterize historical streamflow patterns and variability. Period comparisons were 
made between the full extent of the data and a more recent period. For the observed dataset 
spanning 1906 to 2007, the second comparison period (1978 to 2007) was selected as the most 
recent 30-year period. For the paleo dataset spanning 762 to 2005, the second comparison period 
was selected as 1906 to 2005 so that direct comparisons could be made of the observed and paleo 
timeframes. 



Colorado River Basin  
Water Supply and Demand Study 
 
 

B-12 December 2012 

4.2 Results 

4.2.1 Climate 
The Basin contains climate zones ranging from alpine to desert and is fundamentally influenced 
by climate variability from seasonal to millennial scales (National Research Council [NRC], 
2007). The Basin water supply, as is typical in many western river systems, strongly depends on 
snowmelt from high elevation portions (figure B-4) of the Upper Basin, with about 15 percent of 
the watershed area producing about 85 percent of the entire Basin’s average annual runoff. 
Annual precipitation ranges from 84 millimeters (mm) (less than 4 inches) in southwestern 
Arizona to nearly 1,600 mm (63 inches) in the headwaters of Colorado, Utah, and Wyoming, as 
shown in figure B-5. Average temperatures vary considerably by season, Basin location, and 
elevation, as also shown in figure B-5. Warmest temperatures are seen in the southwestern 
Arizona summer and coolest in the headwaters during the winter. 

The climate of the Basin exhibits important spatial and seasonal variability. To illustrate this 
variability, figure B-6 shows monthly average temperature and precipitation as watershed 
averages for the areas immediately upstream of the Colorado River near Glenwood Springs 
(Colorado), Colorado River at Lees Ferry (Arizona), and Colorado River above Imperial Dam 
(Arizona/California). These three locations reflect a coarse transect of the Basin from the 
headwaters to Imperial Dam.  

As illustrated in figure B-6, the average temperature varies by more than 20 °C seasonally at 
each of the three locations and similarly across the Basin within seasons. Cool winter 
temperatures at the higher elevation portions of the Upper Basin cause much of the precipitation 
to fall in the form of snow. At lower elevations, warmer conditions exist and liquid precipitation 
is the dominant form. For most regions, the majority of the precipitation occurs in the cool 
season (fall and winter). Warmer temperatures in the spring and summer induce snowmelt at the 
higher elevations, and storms tend to be shorter and more intense. The summer precipitation does 
not contribute a significant portion of the Basin annual total. In the southwest portions of the 
Basin (Arizona, California, and Nevada), summer precipitation is locally important. The North 
American monsoon season plays a significant role in bringing moisture from the sub-tropical 
Pacific and Gulf of California and causes intense summer storms in the southwestern desert. The 
monsoon influence extends into Upper Basin states as well and can contribute to significant 
summer precipitation in New Mexico, Utah, and Colorado.  
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FIGURE B-4 
Colorado River Basin Elevation (feet above mean sea level) 
Derived from National Elevation Dataset, USGS, (HTTP://NED.USGS.GOV). 

 

http://ned.usgs.gov/
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FIGURE B-5  
Average Annual Temperature (°C) and Average Annual Precipitation (mm) for the Period 1971–2000 
Derived from Maurer et al., 2002. 
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FIGURE B-6 
Monthly Average Temperature and Precipitation for Three Representative Locations in the Colorado River Basin  
Derived from daily gridded observed meteorology (Maurer et al., 2002) and averaged for the local watershed immediately 
upstream of the indicated point.  

 

 
 
 
Trends in temperature and precipitation for the Basin have been studied by Groisman et al. 
(2001), McCabe et al. (2002), Piechota et al. (2004), Hamlet et al. (2005), Pagano and Garen 
(2005), Regonda et al. (2005), Andreasdis et al. (2006), Fassnacht (2006), Mote (2006), 
Christensen and Lettenmaier (2007), and several others. Long-term trends are summarized in the 
2007 NRC summary report on hydroclimatic variability in the Basin (NRC, 2007). The long-
term annual temperatures and precipitation amounts from the period 1895 to 2005 are shown in 
figure B-7. A significant increase in temperature is apparent in this figure, although periods of   
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cooling have occurred historically. Most important is the warming trend that has occurred since 
the 1970s. This warming trend is also seen in the Upper and Lower Basins and with observed 
North American and global trends.  

Annual precipitation shows substantial variability and periods of dry and wet spells. Most 
notable in the precipitation record is the lack of a significant long-term annual trend, yet the 
annual variability appears to be increasing. Both the highest and lowest annual precipitation 
years appear in the most recent 30-year record.  
 

FIGURE B-7  
Annual Average Surface Air Temperature for the Colorado River Basin, 1895–2005 (top); and Annual Water Year Average 
Precipitation for the Colorado River Basin above Lees Ferry, Arizona (bottom) 
Red lines show annual values; blue lines show the 11-year running mean. Source: NRC (2007) and Western Regional Climate 
Center. 
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A 2008 publication by Miller and Piechota summarizes Basin temperature, precipitation, and 
streamflow trends and also examines the possibility that a “step change” in these parameters 
occurred during the mid 1970s. The step-change time series data were divided into the first 
24 years of data (1951 to 1974) and the later 31 years of data (1975 to 2005) for temperature and 
precipitation datasets. Miller and Piechota (2008) find that increasing temperature trends and 
step changes were observed consistently throughout the year, often times at greater than a 
95 percent confidence level. Temperature trends were most significant in the first quarter of the 
year, January through March. Precipitation trends and step changes were not as evident as those 
for temperature. An increasing precipitation trend was observed January through March, but not 
at all stations and not significant for other months.  

4.2.2 Hydrologic Processes 
The hydrologic processes that describe the interaction between climate and the watershed 
landscape are critically important in determining water availability and the manner in which the 
Basin response may change under future climate. The regions of greatest precipitation in the 
Basin are those at high elevation in the headwaters of the Green, Colorado, and San Juan Rivers. 
Due to cold temperatures, these areas accumulate substantial snowpack that is critical to the 
Basin supply. Figure B-8 provides an estimate of the average spatially distributed April 1 SWE 
for the period 1971 to 2000 derived from a historical simulation of the VIC hydrology model. 
Important in this figure is the relatively small portion of the watershed that offers significant 
seasonal water storage in the form of snowpack. Although snow falls in other portions of the 
Basin, temperatures are generally not sufficiently cold to retain the snowpack for any great 
length of time. The remainder of this lower elevation portion of the watershed is primarily 
dominated by rainfall. 

One way to synthesize many complex hydrologic processes at the watershed scale is to introduce 
the concept of runoff efficiency. Runoff efficiency is a measure of the effectiveness of a 
particular watershed in converting precipitation into runoff. Watersheds with very high runoff 
efficiencies dominate the overall contribution toward streamflow and have relatively lower 
losses. Watersheds with low runoff efficiencies have high losses and tend to be dominated by 
infiltration to soil moisture and consumptive use through ET. ET is the sum of evaporation from 
the land surface and plant transpiration. As can be seen in figure B-8, the watersheds with the 
highest efficiencies are the headwaters of the Colorado, Green, and San Juan Rivers. These 
watersheds are able to convert about 20 to 30 percent of the precipitation into runoff and 
baseflow; however, even in the headwater regions there is considerable variability in runoff 
efficiencies, with some values less than 10 percent. In the Lower Basin, average runoff 
efficiencies are all less than 10 percent and many watersheds have runoff efficiencies less than 
5 percent. The runoff efficiency Basin-wide is about 12 percent. 

ET is the dominant hydrologic flux on the annual scale, consuming more than 70 percent of the 
precipitation supply. As can be seen in figure B-8, ET is highest in regions with greatest 
precipitation. This is not to say that the ET demand is highest in these regions, but rather that ET 
tends to be supply-limited in the Basin. The ET demand (potential ET [PET]) is actually higher 
in the warmer climate of the Lower Basin, but water supply in the form of soil moisture is less 
and what is available is depleted earlier than in the Upper Basin watersheds.  

 



Colorado River Basin  
Water Supply and Demand Study 
 
 

B-18 December 2012 

FIGURE B-8  
Estimated Average Annual ET and Runoff (mm), April 1 SWE (mm), and Annual Average Runoff Efficiency (fraction of 
precipitation converted into runoff) for 1971–2000 
Derived from historical VIC simulations. 
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Previously published research was relied on to assess observed snowpack trends in the Basin. 
Research by Mote (2003), Mote et al. (2008), Clark et al. (2001), Cayan et al. (2001), and 
Pederson et al. (2011) indicate a general decline in April 1 SWE for Pacific Northwest and 
northern Rocky Mountain locations, and increases in parts of the Great Basin and southern 
Rockies, as shown in figure B-9.  
FIGURE B-9  
Left panel: Linear Trends in April 1 SWE at 594 Locations in the Western United States and Canada, 1950–2000  
(Mote et al., 2008) (Negative trends are shown by open circles, positive by solid circles.)  
Right panel: April 1 SWE Trends (1950–2000) Plotted against Elevation of Snow Course (Mote et al., 2008)  
(Units on y-axis are incorrectly labeled by author as mm and should be meters.) 

  
Widespread decreases in springtime snowpack are observed with consistent results across the 
lower elevation northern latitudes of the western United States. The high-elevation and thus 
cooler Rockies do not consistently produce decreasing trends for SWE. To assess the vertical 
characteristics of SWE, Mote plotted April 1 SWE trends (1950 to 2000) against elevation of 
snow course (figure B-9). Losses of SWE tend to be largest at low elevations and strongly 
suggest a temperature-related effect.  

Finally, Mote et al. (2008) used the VIC model to simulate SWE accumulation and depletion for 
western U.S. basins. From this analysis, it was clear that changes in SWE are not simply linear, 
but fluctuate on decadal time scales. SWE was estimated to have declined from 1915 to the 
1930s, rebounded in the 1940s and 1950s, and despite a peak in the 1970s, declined since mid-
century. 

Additionally, recent research demonstrates dust-on-snow events have the ability to alter the 
timing and magnitude of runoff (Painter et al., 2010). Dust-on-snow events reduce snow albedo, 
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or reflectivity, thereby increasing the solar radiation that reaches and warms the snow, 
potentially contributing to changes in timing of snowmelt and seasonal streamflows. 

4.2.3 Climate Teleconnections 
Research indicates a relationship between Pacific Ocean climate indices and Basin streamflow 
(Redmond and Koch, 1991; Webb and Betancourt, 1992; Cayan et al., 1999; Mo et al., 2009; and 
others). The June through November SOI is identified by Redmond and Koch (1991) as a strong 
indicator of ENSO events. For the Study, relationships between the PDO and ENSO and natural 
flows in the Upper Basin were examined. Figure B-10 presents the annual PDO index and 
indicates when June through1 November SOI average values are below -1.0 or above 1.0. The 
solid red bars indicate a positive PDO index, or warm PDO phase, while the solid blue bars 
indicate the cold PDO phase. The light red and blue shading indicate the SOI condition. Evident 
in this figure is the low frequency phasing of the PDO (multi-decadal scales) and the significant 
year-to-year variability in the ENSO events. Indicated by the line on this figure is the 11-year, 
center-weighted annual flow departure from long-term mean for the Colorado River at Lees 
Ferry, Arizona. Correlation between the low frequency PDO and decadal scale Colorado River 
flows appears prominent since the mid-1940s with lower decadal-scale flows during cool 
PDO phases and higher flows during warm PDO phases. However, significant variability exists 
even at these scales and prior to the mid-1940s, the correlation is poor.  

There are other climate teleconnections that appear to influence multi-decadal variations in 
precipitation patterns (e.g., AMO) and others that can modify the characteristics of seasonal 
precipitation (e.g., Madden-Julian Oscillation and Arctic Oscillation) (Becker et al., 2011; Bond 
and Vecchi, 2003; Hu and Feng, 2010). The understanding of the influence of these 
teleconnections on the Colorado River precipitation, and their usefulness as an indicator, is still 
evolving. 
 

FIGURE B-10 
Plot of Water-Year Average PDO Values and ENSO Events Defined by SOI Averages for the Period June–November 

 
 
 

Figure B-11 illustrates water year departure from median streamflows in percent during warm 
and cold PDO and ENSO periods sampled from the period 1906 to 2007 for Upper Basin natural 
flow locations. The red bars indicate the streamflow departures for the warm phase of PDO (top) 
and ENSO (bottom), while the blue bars reflect the departures during the cool phases. Although 
significant streamflow variability exists from year to year, the majority of the flows are higher 
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than normal during the warm PDO and ENSO (El Niño) phases. Conversely, the majority of the 
flows are lower than normal during the cool PDO and ENSO (La Niña) phases. It should be 
noted that the PDO and ENSO relationship is essentially inverted for the northern Basin in 
Wyoming (Green River Basin) where flows tend to be higher during the cool PDO and ENSO 
(La Niña) phase. The dividing line separating typical ENSO influence varies considerably from 
year to year, but is often referred to as a line from San Francisco to Cheyenne (Edwards and 
Redmond, 2005).  

Overall, the natural inter-annual variability in streamflow tends to be more dominant than the 
relationships to either ENSO or PDO. ENSO has considerably more skill (strength as a predictor 
of seasonal precipitation or streamflow) in the coastal watersheds of the Pacific, than over the 
Basin. PDO, on the other hand, is a low-frequency signal (multi-decadal scale) that limits the 
number of events that could be correlated. However, it is important to note that in 2011 to 2012 
the climate was entering a strong combined cool phase of both ENSO and PDO. The alignment 
of both signals in the cool phase suggests a propensity for continued drying trends in the coming 
years. The ability to predict the future state of PDO, however, is limited at this time.  
 

FIGURE B-11 
Median Change in Flows from Long-term Average for Warm and Cold PDO (top) and ENSO (bottom) Years 
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4.2.4 Streamflow 
Analysis of streamflow records for the 29 natural flow locations indicated that about 92 percent of 
the total Colorado River at Imperial Dam, Arizona natural flow is contributed by runoff upstream 
of Lees Ferry, Arizona (figure B-12). As shown graphically in figure B-12, the Green River 
contributes about 33 percent of the total natural flow, the Colorado River at Cisco, Utah about 
42 percent, and the San Juan River about 13 percent based on long-term annual natural flows 
from 1906 to 2007. Due to the importance of these rivers to the overall supply, they were selected 
as key locations for historical assessment. In addition, the Colorado River at Lees Ferry, Arizona 
is used because approximately 92 percent of the Basin natural flow (measured at Imperial Dam, 
Arizona) has accumulated there. 
 

FIGURE B-12 
Colorado River Basin Average Annual Natural Flow Contribution (% of total) for each of the 29 Natural Flow Locations 
Streamflow derived from the observed period (1906–2007). See figure B-2 for names of locations. 

 
 
 

The mean annual flows for 1906 to 2007 at each of the 20 Upper Basin natural flow locations are 
shown in figure B-13. Also shown is the variability of annual flows as “box-whisker” ranges. 
The mean annual flow of the Colorado River at Lees Ferry, Arizona (location 20) is 
approximately 15.0 million acre-feet (maf), but ranged from 5.6 maf (1977) to 25.2 maf (1984) 
over this period. The upper Colorado River at Cisco, Utah (location 8), Green River at Green 
River, Utah (location 16), and San Juan River at Bluff, Utah (location 19) have mean annual 
flows of 6.8 maf (ranging from 2.6 to 12.6 maf), 5.4 maf (ranging from 1.9 to 5.3 maf), and 
2.1 maf (ranging from 0.5 to 4.5 maf), respectively. 
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FIGURE B-13 
Upper Basin Average Annual Total Natural Flows 
kaf/yr = thousand acre-feet per year 
Box represents the 25th, 50th, and 75th percentiles; whiskers represent the maximum (max) and minimum (min), and triangle 
represents the mean flow. Streamflow derived from the observed period (1906–2007). 

 
 

Streamflow analysis summaries (snapshots) were prepared for all 29 natural flow locations to 
evaluate the trends and variability of flows. Four snapshot summaries are presented in this report 
for the following key locations: Colorado River near Cisco, Utah (location 8); Green River at 
Green River, Utah (location 16); San Juan River near Bluff, Utah (location 19); and Colorado 
River at Lees Ferry, Arizona (location 20). Additional streamflow analysis figures for each of the 
major contributing flow locations are included in appendix B5. This supplemental material 
includes a table reporting specific monthly streamflow averages, annual averages including 
minimum and maximum values with the years they occurred, and a more-detailed analysis of 
deficit/surplus periods.  

The snapshot results were developed from the natural flows dataset using data for water years 
1906 to 2007 (figures B-14 to B-17). The top plot in each figure shows the annual flow volumes 
and the moving averages for 3, 5, and 10 years. This plot provides a visual assessment of 
streamflow variability, minimum and maximum flows, and long-term trends. For most selected 
locations, greater variability and more frequent events of greater magnitude are observed after 
1976. Generally lower flows are observed from the mid 1930s to mid 1960s and a slightly 
downward trend in flows is observed in all locations for this time period. As an example, the 
Colorado River at Lees Ferry, Arizona plot (figure B-14) shows a period of generally below 
average streamflow and a period of moderate variability for the period 1930 to 1976. Beginning 
in 1977, streamflow amplitude and variability increased, with a decrease in streamflows in the 
most recent two decades. These recent changes in streamflow are attributed, in part, to shifts in 
the atmospheric-oceanic conditions as represented by PDO and ENSO and hydrologic response 
to recent warming. 
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FIGURE B-14 
Colorado River at Lees Ferry, Arizona Natural Streamflow Snapshot Analysis 

 

The bottom left plot shows a two-period comparison of monthly average streamflow. The first 
period spans 1906 to 2007, while the second period captures the more recent 30-year period, 
1978 to 2007. For the period 1978 to 2007, all selected locations exhibit a reduction in late 
spring streamflows and a slight increase in winter streamflows when compared to the long-term 
(1906 to 2007) averages. The annual mean flow was slightly lower at most of the Upper Basin 
locations during the 1978 to 2007 period, while annual variability, based on the inter-quartile 
(25th to 75th percentile) range of flows, was higher during this period. The mean annual flow for 
the 1978 to 2007 period is 14.6 maf—about 3 percent lower than the 1906 to 2007 period mean 
annual flow of 15.0 maf. The increase in variability can be explained largely by the two 
significant high-flow periods (the early-mid 1980s and the late 1990s) and the recent extended 
drought conditions during this period. The two periods show similar maximums and minimums 
for the 1-, 3-, and 5-year averages because the annual flow extremes (both high and low) have 
mostly occurred in the most recent 30-year period and are thus represented in both periods (the 
most recent period is also included in the long-term period).This finding is consistent with 
precipitation trends that show increased variability in the recent period. However, these changes 
are not universal. For example, the Colorado River at Cisco, Utah station shows an increase in 
variability in the more recent period, and also a slight increase in annual mean flow. Conversely, 
the San Juan River near Bluff, Utah station shows a lower mean flow, but a slightly lower 
variability in the recent period as compared to the longer 1906 to 2007 period. The two highest 
flows at this location occurred in 1941 and 1973. 
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FIGURE B-15 
Green River at Green River, Utah Natural Streamflow Snapshot Analysis 

 

FIGURE B-16 
Colorado River near Cisco, Utah Natural Streamflow Snapshot Analysis 
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FIGURE B-17 
San Juan River near Bluff, Utah Natural Streamflow Snapshot Analysis  

 

As with temperature and precipitation, Miller and Piechota (2008) also evaluated streamflow 
trends and explored the significance of a step change in streamflow, which occurred during the 
mid 1970s. The step change time series data were divided into the first 69 years of data (1906 to 
1974) and the latter 31 years of data (1975 to 2005). Increasing streamflow trends in January 
through March and decreasing streamflow trends during peak runoff months (April through July) 
were reported in the authors’ study. The authors also note that decreasing streamflow trends were 
apparent at the 99 percent confidence level throughout the Basin during the traditional peak flow 
months, despite the high variability of streamflow rates that historically occurred in the Basin 
(e.g., Pagano and Garen, 2005; Woodhouse and Lukas, 2006). Because streamflow trends are 
more apparent than precipitation trends, the authors speculate that it is possible that the form of 
precipitation (rain or snow) and other components of the water budget (e.g., evaporation and 
seepage losses) are changing. Based on these studies, a general warming in the Basin is shifting 
winter precipitation to a higher rain-snow ratio when compared to historical data. These changes 
are consistent with earlier peak streamflows in the spring. 

The inter-annual variability of climate and hydrology within the Basin produces frequent periods 
when the mean flow during that period is below the long-term mean. These occurrences are 
referred to as periods of streamflow deficit or deficits for the purpose of this report. As part of 
the analysis conducted for this report, different averaging periods for determining and measuring 
deficits were considered. The use of a 1-year averaging period was discarded because it implied 
that any 1 year above 15 maf of natural flow at Lees Ferry, Arizona, would break a multi-year 
deficit. The use of a 2-year averaging period implies that it may take 2 consecutive, above-
normal years (or 1 extremely wet year) to end a deficit. The definition used in the remainder of 
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this report is the following: a deficit occurs whenever the 2-year average flow falls below 
15 maf, the long-term mean annual flow of the 1906 to 2007 period. 

Applying this definition, figure B-18 presents the severity of 2-year deficits in the observed 
record. For each year of the 1906 to 2010 period4, the 2-year running average annual flow was 
calculated. The difference between the 2-year running average flow and the long-term mean 
annual flow was computed. If the difference was negative, it was labeled “deficit” and the 
volumes were accumulated until the difference was once again positive. The deficit length and 
cumulative amount were recorded for each year. Three significant deficit spells that occurred in 
the observed period beginning in 1931 (7-year deficit), 1959 (7-year deficit), and 2000 (9-year 
deficit) are shown on the figure in green, orange, and red, respectively. As can be seen from the 
figure, the deficit that began in 2000 accumulated a 9-year deficit of more than 28 maf. This 
recent deficit is more severe than any other deficit in the observed period. 
 

FIGURE B-18 
Cumulative Streamflow Deficits (defined as 2-year running mean below 15 maf) for the Colorado River at Lees Ferry, Arizona 
2008–2010 natural flows are provisional. 

 
  

                                                 
4 The natural flow at Lees Ferry, Arizona extended to 2010, based on provisional natural flow estimates is used here to better reflect the current 

state of streamflow deficit. 
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4.3 Paleo Reconstruction of Streamflow 
A summary of the snapshot results for Colorado River at Lees Ferry, Arizona from the paleo- 
reconstructed 762 to 2005 period is shown in figure B-19. The top plot shows the annual flow 
volumes and the moving averages for 3, 5, 10, 20, and 30 years for the period of record. This plot 
provides a visual assessment of streamflow variability, minimum and maximum flows, and long-
term trends. Period comparisons between long-term paleo reconstruction (762 to 2005) and a 
segment of the observed record (1906 to 2005) are shown. The annual flow box plot shows the 
minimum, 75th, 50th, and 25th percentiles, and maximum annual streamflows for the two 
analysis periods. The minimum, 25th percentile, median, and 75th percentile are all slightly less 
in the paleo reconstructed record, indicating that the paleo reconstructed streamflows are lower 
than the observed record. Variability is increased in the paleo reconstructed record, as illustrated 
by the broader inter-quartile range and minimum/ maximum values. Finally, the bottom panel 
shows the annual (left axis) and cumulative (right axis) deviations from the mean annual flow to 
illustrate the wet and dry periods in this long-term record.  

Streamflow deficits using the same methods as described in the previous section were 
similarly computed for the 762 to 2005 period and the 1906 to 2005 period, and statistics 
are presented in three exceedance plots (duration, magnitude, and intensity) in figure B-20. 
The 762 to 2005 period contains deficits that are longer in duration (16 years) and larger (as 
much as 35 maf) than those in the 1906 to 2005 period. Thus, the sequences of wet-dry from 
the much longer paleo record suggest that deficits of greater severity than the recent deficit are 
possible. Interestingly, the deficit intensity (defined as the cumulative deficit divided by the 
duration of the deficit, which can give an indication of the annual severity of deficits) is similar 
between the two periods, suggesting that the paleo record produces longer deficits, but that they 
may not be any more intense on an annual basis than the observed record.  

In summary, the trends over the observed period and over the recent climatological regime 
suggest declining streamflows, increases in variability, and seasonal shifts in streamflow that are 
likely linked to warming. The paleo reconstruction indicates a slightly lower mean than the 
observed record. The paleo reconstruction suggests the annual and inter-annual flows have been 
more variable in terms of both wet and dry sequences, as compared with the observed record 
period. Deficits of longer duration and greater magnitude can be expected based on the paleo 
record, although the paleo record shows that past deficits were not significantly more intense 
than the observed record. 
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FIGURE B-19 
Colorado River at Lees Ferry, Arizona Paleo Streamflow Snapshot Analysis 
cum=cumulative 
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FIGURE B-20 
Comparison of Drought Characteristics between a Segment of the Observed Period (1906–2005) and the Paleo Period (762–
2005) 

 
Exceedance Probability (%) 

 

5.0 Future Supply under the Observed Resampled 
Scenario 

5.1 Methods 
Used by Reclamation in several past planning studies (such as Reclamation, 2007), the Observed 
Resampled5 scenario is quantified by applying the Indexed Sequential Method (ISM) (Ouarda 
et al., 1997) to the 1906 to 2007 observed natural flow record to generate 102 sequences, each 
50 years in length. ISM is a stochastic resampling method that creates a number of different 
future hydrologic sequences (or realizations). The length of the hydrologic sequence is 
determined by the simulation horizon (2011 to 2060, or 50 years in the Study) and the number 

                                                 
5 The analysis of the Direct Natural Flow, Direct Paleo, and Nonparametric Paleo Conditioning scenarios discussed in appendix N of the 2007 

Interim Guidelines Final EIS (Reclamation, 2007) are synonymous with the analysis of the Observed Resampled, Paleo Resampled, and Paleo 
Conditioned scenarios discussed in this report, respectively.  
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of sequences is determined by the length of the record that is being resampled (1906 to 2007, or 
102 years in this scenario). The ISM cycles through the observed record generating 
102 hydrologic sequences, based on the assumption that the record “wraps around” at the 
end (i.e., 1960 to 2007, followed by 1906, 1907, and 1908).  

Strengths of this method are that it is based on the best available measured data, provides the 
basis for a quantification of the uncertainty and an assessment of risk with respect to future 
inflows, and is widely accepted by Basin stakeholders. The major drawback of this approach is 
that future scenarios are limited to the magnitudes and sequencing that occurred in the observed 
record, with the exception of new sequences generated as a result of the wrap. Therefore, a wider 
range of plausible future streamflows (including flow magnitudes and wet and dry sequences not 
seen in the observed record) are not possible in the Observed Resampled scenario. 

5.2 Results 
The results for the Observed Resampled scenario are presented as summary figures for annual 
and monthly flows at Colorado River at Lees Ferry, Arizona in figures B-21 through B-24. 
Because each supply scenario included multiple hydrologic sequences, there is a range 
associated with the flow statistics. Figure B-21 displays all of the individual 102 sequences in the 
Observed Resampled scenario. The sequence bolded in figure B-21 also appears in figure B-22, 
which is a representative trace of the 102 sequences for illustration purposes. Figure B-22 also 
depicts the annual range of natural flows when applying the ISM technique, and figure B-23 
provides the annual statistics.  

Annual natural flows are generally in the range of 5 to 25 maf, with a mean of approximately 
15 maf. The standard deviation is almost one-third of the mean annual flow, providing a 
representation of the inter-annual variability of this flow record. Skew is a measure of the shape 
of the annual flow distribution. A skew of zero implies a normal distribution in which wetter 
years and magnitudes are evenly balanced with drier years. The skew and backward lag 
correlation indicate that the flows are slightly biased to the lower side of the distribution (more 
dry years than wet years) and that year-to-year correlation of flows (indicated by the backward 
lag correlation) is relatively high. 
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FIGURE B-21 
Colorado River at Lees Ferry, Arizona Natural Flow for 102 Sequences for the Observed Resampled Scenario 
The bolded line indicates a representative trace. 

 

FIGURE B-22 
Simulated Annual Colorado River at Lees Ferry, Arizona Natural Flow Statistics for 102 Realizations, 2011–2060 
Figure shows the median (line), 25th–75th percentile band (dark shading), 10th–90th percentile band (light shading), max/min 
(whiskers), and 1906–2007 observed min and max (dashed lines). The blue line indicates a representative trace. 
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FIGURE B-23 
Summary Statistics for Annual Colorado River at Lees Ferry, Arizona Natural Flows for the Observed Resampled Scenario 
Figure shows the median (dash), 25th–75th percentile band (box), and max/min (whiskers).  

 

River flow peaks in late spring due to delayed snowmelt from the higher elevation upstream 
watersheds, with May, June, and July exhibiting the highest flows (figure B-24). June flows are 
both the highest and most variable with mean monthly flows averaging about 4 maf per month 
and ranging from about 1 to 9 maf per month. Late summer and fall flows are considerably lower 
and exhibit significantly less variability. 
FIGURE B-24 
Simulated Monthly Colorado River at Lees Ferry, Arizona Natural Flow Statistics for 102 Realizations, 2011–2060  
Figure shows the median (dash), 25th–75th percentile band (shading), and max/min (whiskers). 
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Another measure of the inter-annual variability and persistence of streamflow states (wet 
and dry) is characterized by determining the frequency, duration, and magnitude of deficit and 
surplus periods. Recall that for the purpose of this report, “deficit” is defined as a consecutive  
2-year period when the mean is less than the observed long-term mean of 15.0 maf. Similarly, 
“surplus” is defined as a consecutive 2-year period when the mean is above 15.0 maf. 

Figure B-25 illustrates four characteristics of deficit and surplus spells throughout the Study 
period (2011 to 2060): spell length, spell magnitude, the frequency of specific spell lengths 
occurring, and the relationship between deficits and surpluses in the scenario. Box plots 
displaying spell length are shown in the left figure (deficit, below the x-axis, and surplus, above 
the x-axis). The exceedance plot shown in the right figure displays the exceedance probabilities 
for spell lengths. Probabilities for deficit spells are shown in the bottom half of the plot. 
Probabilities for surplus spells are shown in the top half of the plot.  
FIGURE B-25  
Simulated Deficit and Surplus Spell Length and Magnitude for all 102 Realizations in the Observed Resampled Scenario 
Box plots show the median (dash), 25th–75th percentile band (shading), and max/min (whiskers). 

 

Spell length: the maximum deficit is 8 years (note that this length would be 9 years if the 
observed record extended through 2010), and the maximum surplus is 7 years. This information 
is provided in both the box plots and the exceedance plot. 

Spell magnitude: referring to the box plots, the magnitude of the maximum deficit and surplus is 
about 27 maf and 22 maf, respectively. Deficit or surplus intensity can be computed by dividing 
the spell magnitude by the spell length. 

Frequency of specific spell lengths occurring: the exceedance plot inset provides information 
regarding the frequency of the length of deficit and surplus spells. As such, the median 
exceedance probability of a deficit spell of 5 years is about 70 percent, meaning there is about a   
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30 percent chance of a deficit longer than 5 years. Similarly, at the 30 percent median 
exceedance probability is a surplus spell of 3 years, meaning there is about a 30 percent chance 
of a surplus period lasting more than 3 years.  

Relationship between deficits and surpluses in the scenario: the median (50 percent exceedance 
probability) corresponds to a deficit of 3 years. This result indicates that under the Observed 
Resampled scenario, there is a greater probability of being in a deficit (lasting at least 3 years) 
than in a surplus period. 

6.0 Future Supply under the Paleo Resampled Scenario 
6.1 Methods 
The Paleo Resampled scenario is generated by applying the ISM to paleo reconstructed 
streamflow data (762 to 2005) to develop 1,244 traces, each 50 years in length. The major 
strength of this method is the ability to produce sequences with magnitudes and deficit/surplus 
spells not found in the Observed Resampled scenario. In addition, as is true for the Observed 
Resampled scenario, this method is based on relationships to measured data. Although there is a 
wealth of literature documenting the strong link between streamflow and tree-ring growth in 
moisture limited regions, the exact magnitudes of a paleo reconstruction are not as reliable as 
historical flow data, particularly at the extremes (Woodhouse and Brown, 2001). This is 
attributed to a variety of factors in the reconstruction process, such as model selection to relate 
tree-ring width to streamflow. Furthermore, because ISM sequentially resamples the paleo record 
to generate hydrologic sequences, the sequences will only consist of flow magnitudes and 
sequences that are present in the paleo record, with the exception of the sequences created as a 
result of the wrap. The inclusion of the Paleo Conditioned scenario addresses this issue and the 
weakness of the paleo record in capturing magnitudes at the extremes.  

Because the paleo flow data are only available at the annual time step for a single location 
(Colorado River at Lees Ferry, Arizona), annual flows at this location were disaggregated, 
spatially and temporally, throughout the Upper Basin natural flow locations using a non-
parametric disaggregation method (Nowak et al., 2010). The disaggregation method relies on the 
observed record to model the spatial and temporal distribution properties of the monthly and 
annual flow. Disaggregated flows at the Lower Basin natural flow locations are generated by 
selecting an “analog” year from the observed record. These methods have been demonstrated to 
be appropriate and effective for the Basin and time step. For a more detailed explanation of these 
methods, please see Nowak et al., 2010, and appendix N of the 2007 Interim Guidelines Final 
EIS (Reclamation, 2007).  

6.2 Results 
The results for the Paleo Resampled scenario are presented as summary figures for annual and 
monthly flows for the Colorado River at Lees Ferry, Arizona in figures B-26 through B-29. As 
with the Observed Resampled scenario, multiple realizations are simulated, producing a range 
associated with the flow statistics. Figure B-26 displays all of the individual 1,244 sequences in 
the Paleo Resampled scenario. The sequence bolded in figure B-26 also appears in figure B-27, 
which is a representative trace of the 1,244 sequences for illustration purposes. Figure B-27 also 
depicts the annual range of natural flows, while figure B-28 provides the annual statistics.  
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Annual natural flows are generally in the range of 3 to 25 maf, with a mean of approximately 
14.7 maf. The minimum annual flow is much lower than the Observed Resampled scenario, 
while the maximum annual flow is similar. Conversely, the standard deviation is smaller than the 
Observed Resampled scenario, suggesting that a greater number of traces are closer to the mean 
value. In the Paleo Resampled scenario, the skew is slightly negative (compared to slightly 
positive in the Observed Resampled scenario), suggesting a greater frequency of wet years than 
dry years (compared to the Observed Resampled scenario). Finally, the backward lag correlation 
is slightly higher than the Observed Resampled scenario, suggesting a greater year-to-year 
correlation than in the observed record. The latter likely results from the reconstruction 
techniques and relatively few chronologies in the distant past.  
 

FIGURE B-26  
Colorado River at Lees Ferry, Arizona Natural Flow for 1,244 Sequences for the Paleo Resampled Scenario 
The bolded line indicates a representative trace. 
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FIGURE B-27 
Simulated Annual Colorado River at Lees Ferry, Arizona Natural Flow Statistics for 1,244 Traces, 2011–2060  
Figure shows the median (line), 25th–75th percentile band (dark shading), 10th–90th percentile band (light shading), max/min 
(whiskers), and 1906–2007 observed min and max (dashed lines). The orange line indicates a representative trace. 

 
FIGURE B-28 
Summary Statistics for Annual Colorado River at Lees Ferry, Arizona Natural Flows for the Paleo Resampled Scenario 
Figure shows the median (dash), 25th–75th percentile band (box), and max/min (whiskers). 
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Monthly river flows suggest no significant change from the Observed Resampled scenario. Peak 
flows occur in late spring, with May, June, and July exhibiting the highest flows (figure B-29). 
As in the Observed Resampled scenario, June flows are both the highest and most extreme, with 
mean monthly flows averaging about 4 maf per month and ranging from about 1 to 9 maf per 
month. This was expected because the disaggregation applied to the annual paleo reconstruction 
was trained on the observed natural flow data. Also similar to the Observed Resampled scenario, 
late summer and fall flows are considerably lower and exhibit significantly less variability.  
 

FIGURE B-29 
Simulated Annual Colorado River at Lees Ferry, Arizona Natural Flow Statistics for 1,244 Realizations, 2011–2060  
Figure shows the median (dash), 25th–75th percentile band (shading), and max/min (whiskers). 

 

 

Figure B-30 illustrates the length, magnitude, and frequency of deficit and surplus spells. Under 
the Paleo Resampled scenario, maximum deficit and surplus periods are significantly longer in 
duration than those in the Observed Resampled scenario. Maximum deficit spell length under the 
Paleo Resampled scenario is about 17 years, and the maximum surplus spell length is about 
15 years. The 17-year deficit period contains approximately 35 maf of total deficit. For 
comparison, the recent deficit persisted for 9 years (through 2008) with an accumulated deficit of 
about 29 maf. Thus, from a measure of deficit intensity, although the deficit is sustained longer 
in the Paleo Resampled scenario, the annual deficits are not dissimilar from the Observed 
Resampled scenario.  
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FIGURE B-30 
Simulated Deficit and Surplus Spell Length and Magnitude for all 1,244 Realizations in the Paleo Resampled Scenario 
Box plots show the median (dash), 25th–75th percentile band (shading), and max/min (whiskers). 

 
 

7.0 Future Supply under Paleo Conditioned Scenario 
7.1 Methods 
The Paleo Conditioned scenario is generated by applying a non-parametric technique to “blend” 
the observed historical and paleo reconstructed records to generate 1,000 traces, each 50 years in 
length. Flow magnitudes vary significantly across multiple reconstructions for a particular site 
(Stockton and Jacoby, 1976; Hildalgo et al., 2009; Hirschboeck and Meko, 2005; Woodhouse 
et al., 2006). However, the paleo hydrologic state agreement (i.e., wet or dry) is quite reliable 
across different reconstructions (Woodhouse et al., 2006).  

The paleo conditioned technique blends the rich variety of drought/surplus found in the paleo 
reconstruction with reliable magnitudes from the observed natural flow data by first extracting a 
sequence of years represented simply as wet or dry from the streamflow reconstruction. Flow 
magnitudes are then conditionally resampled from the observed record for each year in the 
sequence, based on the current and previous hydrologic state. Thus, any underlying relationship 
between magnitude and sequencing is preserved while circumventing issues associated with 
magnitude reliability. For example, if an observed flow value occurred as the first year of a 
drought, it can only be assigned to a “dry state year” that was preceded by a “wet state year” as 
part of a paleo conditioned trace. Similarly, if an observed flow magnitude was the second year 
of a multi-year surplus period, that value can only be assigned to a “wet state year” that was 
preceded by another “wet state year.” This logic holds true for all wet/dry sequencing 
combinations. Following this method, a wealth of traces can be generated (at least 1,000 are 
recommended to limit sample variability) by simply changing the initial wet/dry sequence 
information extracted from the paleo data. Different from the ISM technique, the number of 
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sequences is not limited to the length of the streamflow record being resampled. For a more 
detailed explanation of the method, see appendix N of the 2007 Interim Guidelines Final EIS 
(Reclamation, 2007) and Prairie et al., 2008. As was the case with the Paleo Resampled scenario, 
the Paleo Conditioned scenario introduces considerable variability when compared with the 
observed data, yet maintains the reliability of the observed magnitudes. Paleo conditioned traces 
were also generated at the annual time scale for Colorado River at Lees Ferry, Arizona and 
required the same disaggregation process employed for the Paleo Resampled scenario in order to 
produce monthly data at multiple locations. 

7.2 Results 
The results for the Paleo Conditioned scenario are presented as summary figures for annual 
and monthly flows at Colorado River at Lees Ferry, Arizona in figures B-31 through B-34. 
Figure B-31 displays all of the individual 1,000 sequences in the Paleo Conditioned scenario. 
The sequence bolded in figure B-31 also appears in figure B-32, which is a representative 
trace from the 1,000 sequences. Figure B-32 depicts the annual range of natural flows, and 
figure B-33 provides the annual flow statistics.  

Annual natural flows are generally in the range of 5 to 25 maf, with a mean of approximately 
14.9 maf. The annual statistics are similar to the Observed Resampled scenario, largely due to 
the paleo conditioned technique that borrows the magnitudes from the observed record when 
combining with state information from the paleo reconstructions. Similarly, the standard 
deviation, skew, and backward lag correlation indicate that the annual flow statistics are similar 
to the Observed Resampled scenario. Monthly flows are also similar in pattern and magnitude to 
the Observed Resampled and Paleo Resampled scenarios, as shown in figure B-34. 

The most significant difference between the Paleo Conditioned scenario and the Observed 
Resampled and Paleo Resampled scenarios is in the inter-annual variability and persistence of 
streamflow states (wet and dry). Figure B-35 illustrates the frequency, length, and magnitude of 
deficit and surplus spells. Deficit periods of 15 years or longer are observed in this scenario and 
produce accumulated deficits greater than 60 maf. Similarly, extended surplus periods of similar 
length produce surpluses greater than 60 maf. Under this scenario, deficit periods could persist 
considerably longer than the Observed Resampled and produce deficits almost twice as large. 
However, interestingly, the median probability of exceeding a deficit spell of greater than 7 years 
is only 20 percent, and there is only a 10 percent likelihood of exceeding a 5-year surplus period.  
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FIGURE B-31  
Colorado River at Lees Ferry, Arizona Natural Flow for 1,000 Sequences for the Paleo Conditioned Scenario 
The bolded line indicates a representative trace. 

 
 
FIGURE B-32 
Simulated Annual Colorado River at Lees Ferry, Arizona Natural Flow Statistics for 1,000 Realizations, 2011–2060  
Figure shows the median (line), 25th–75th percentile band (dark shading), 10th–90th percentile band (light shading), max/min 
(whiskers), and 1906–2007 observed min and max (dashed lines). The bolded line indicates a representative trace. 
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FIGURE B-33 
Summary Statistics for Annual Colorado River at Lees Ferry, Arizona Natural Flows for the Paleo Conditioned Scenario 
Figure shows the median (dash), 25th–75th percentile band (box), and max/min (whiskers).  

 

FIGURE B-34 
Simulated Annual Colorado River at Lees Ferry, Arizona Natural Flow Statistics for 1,000 Realizations, 2011–2060  
Figure shows the median (dash), 25th–75th percentile band (shading), and max/min (whiskers). 
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FIGURE B-35  
Simulated Deficit and Surplus Spell Length and Magnitude for all 1,000 Realizations in the Paleo Conditioned Scenario 
Box plots show the median (dash), 25th–75th percentile band (shading), and max/min (whiskers). 

 
 

8.0 Future Supply under the Downscaled GCM Projected 
Scenario 

8.1 Methods 
Future changes in climate variability and trends, and their influence on streamflow and Basin 
water supply, have been studied by several researchers in recent years, and GCM future 
projections indicate that the climate may exhibit trends and variability over the next 50 years 
beyond what has occurred historically. The Downscaled GCM Projected scenario is one 
representation of this plausible future condition. 

A number of methods for incorporating climate information in planning studies are available and 
have been summarized by Reclamation (2007) and others (Hamlet et al., 2010). Methods range 
from simple adjustments to the temperature and precipitation inputs (Delta method), to 
application of regional climate models for weather generation, to bottom-up risk-based 
approaches targeting system vulnerabilities. No one approach is better than the other; rather, 
each serves a specific planning purpose and consists of a set of analysis tools. The approach 
taken in the Study incorporates future climate information from GCMs, subsequently bias 
corrected and statistically downscaled, to drive a hydrologic model of the Basin. The hydrologic 
model simulates the effects of future climate on hydrologic processes in the Basin and provides 
information relating to streamflow at all major inflow points to the Colorado River and 
tributaries. The streamflow and ET information is then used as input into CRSS, Reclamation’s 
primary Basin-wide simulation model used for long-term planning studies. This approach is 
shown graphically in figure B-36. Using this approach of linking global and regional climate 
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information, physically based hydrologic processes, streamflow routing, and systems modeling 
allows for a consistent linkage between climate and system responses that are desired as part of 
this scenario and the overall study of future Basin reliability. The methodological approach to 
develop the Downscaled GCM Projected scenario consists of five major elements depicted 
graphically in figure B-36. A total of 112 future climate projections used in the IPCC Fourth 
Assessment Report (2007), subsequently bias corrected and statistically downscaled, were 
obtained from the Lawrence Livermore National Laboratory under the World Climate Research 
Program’s (WCRP) Coupled Model Intercomparison Project Phase 3 (CMIP3) (Maurer et al., 
2007)6. These data were incorporated in the first three elements of the approach in figure B-36.  

Each of the 112 downscaled climate projections was then used as input into the VIC hydrology 
model. The VIC hydrology model used the climate projections along with land cover, soils, 
elevation, and other watershed information to simulate hydrologic fluxes. The hydrologic fluxes 
were then routed to each of the 29 natural flow locations using a routing network derived from 
the topography (Lohmann et al., 1996; Lohmann et al., 1998). The result of this approach was 
112 unique sequences of natural flow under future climate projections. Notably, the simulated 
natural flows can contain significant monthly and annual biases when compared to the natural 
flows of the historical period. These biases are generally small for mainstem Colorado River 
locations, but can be large for smaller watersheds and in areas where the VIC model was not 
specifically calibrated. To account and compensate for these biases, the VIC-simulated 
streamflows for both the historical and future periods were first adjusted for biases before 
incorporating into systems modeling. Details on the methods used to correct for biases are 
included in appendix B4. 

The same Downscaled GCM Projected scenario was also employed to develop the results 
described in the SECURE Water Act Section 9503(c) – Reclamation Climate Change and Water 
2011 (Reclamation, 2011c) Report. The SECURE Report was prepared by Reclamation’s Office 
of Policy and Administration and includes projections of how climate change may impact the 
water supply on the Basin. The SECURE Report was prepared by Reclamation to provide 
consistent, reconnaissance-level information focused on the future risks to water supply 
throughout the eight Reclamation basins.  

While the results are consistent between this report and the SECURE Report, the SECURE 
Report was limited to the evaluation of the meteorological and hydrologic changes under 
projected climate change. The Study also considered how hydrological changes may impact the 
performance of the Colorado River system through CRSS modeling. The differences in study 
objectives led to some differences in approach. The methodological differences consist primarily 
of the application of a streamflow bias correction method before using the simulated natural 
flows in the CRSS model. Reporting differences between this report and the SECURE Report 
consist of the selection of baseline climate conditions and the future analysis periods. 
Specifically, the SECURE Report computed future decadal changes from a 1991 to 2000 
baseline condition, whereas the streamflow change statistics reported here were computed 
between the long-term historical record (1906 to 2007) and the Study period of 2011 to 2060. 
This period provides a long-term record consistent with that used in the Observed Resampled 

                                                 
6 These data are available via the website, Bias Corrected and Downscaled World Climate Research Program Coupled Model Intercomparison 

Project Phase 3 Climate Projections (http://gdo-dcp.ucllnl.org/downscaled_cmip3_projections/), which is jointly hosted by the Green Data 
Oasis, Santa Clara University, Reclamation, and Lawrence Livermore National Laboratory.  
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scenario, captures a sufficiently long period necessary to describe drought and surplus statistics, 
and represents a mean annual flow of importance to Colorado River management. The 1906 to 
2007 mean annual flow for the Colorado River at Lees Ferry, Arizona is 15.0 maf; the mean 
annual flow is 15.5 maf for the 1971 to 2000 period, 15.0 maf for the 1978 to 2007 period, 15.3 
maf for the 1991 to 2000 period, and 14.6 maf for the 1950 to 1999 period. The 1950 to 1975 
period contained lower annual flows and lower interannual variability than many of the other 
periods, likely influenced by conditions associated with the cold phase of PDO. To capture the 
projected future trends in streamflow changes associated with the Downscaled GCM Projected 
scenario, additional information has been provided in this report for three future 30-year time 
periods (2011 to 2040, 2041 to 2070, and 2066 to 2095). While the last of these periods extends 
beyond the Study period, it provides an important reference for understanding the potential 
direction of the future Basin hydrology. Therefore, results between the Study and the SECURE 
Report are not identical; however, work from the Study will be used to inform future reports 
under the SECURE Water Act. 
FIGURE B-36 
Methodological Approach for the Development of the Downscaled GCM Projected Scenario 

 
 

8.1.1 Emission Scenarios  
As discussed previously, the downscaled climate projections were obtained from the World 
Climate Research Program’s CMIP3 database. This database includes downscaled climate 
projections from 16 different GCMs simulated with three different IPCC emission scenarios 
(IPCC, 2000). The emission scenarios are those from the Special Report on Emissions Scenarios 
(SRES) (IPCC, 2000), emission scenarios A2 (high), A1B (medium), and B1 (low), and reflect a 
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range of future greenhouse gas (GHG) emissions. The A2 scenario is representative of high 
population growth, slow economic development, and slow technological change. It is 
characterized by a continuously increasing rate of GHG emissions, and features the highest 
annual emissions rates of any scenario by the end of the 21st Century. The A1B scenario features 
a global population that peaks mid-century and rapid introduction of new and more efficient 
technologies balanced across both fossil- and non-fossil intensive energy sources. As a result, 
GHG emissions in the A1B scenario peak around mid-century. Last, the B1 scenario describes a 
world with rapid changes in economic structures toward a service and information economy, 
with reductions in material intensity, and the introduction of clean and resource-efficient 
technologies. GHG emission rates in this scenario peak prior to mid-century and are generally 
the lowest of the scenarios.  

SRES emission scenarios exist that have both higher (A1FI) and lower (A1T) GHG emissions 
than those considered in the Study (see appendix B2). However, the three scenarios included in 
the analysis span the widest range available for which consistent, comprehensive GCM modeling 
has been performed and for which downscaled climate information is available. Furthermore, 
while it is possible that higher rates of warming and resulting effects on streamflows are 
possible, it should be noted that the atmospheric response to emission increases is not immediate. 
Climate response to increases in GHG emissions is on the decadal scale. Uncertainty in the 
projected climate system response due to increased emissions (GCM uncertainty) tends to be a 
greater determinant of the range of climate conditions through mid-century than the uncertainty 
associated with future emission scenarios themselves.  

Assumptions related to parameter characteristics included in the SRES emission scenarios (such 
as high population growth and slow economic development) are not related to parameter 
characteristics of the Water Demand scenarios (see Technical Report C – Water Demand 
Assessment) because they describe a global set of drivers rather than those directly associated 
with the Colorado River. When considering water demand scenarios combined with water supply 
scenarios that incorporate climate change, outdoor water demands and reservoir evaporation 
rates were modified to reflect estimates of changes in ET and open water surface evaporation 
rates consistent with the assumptions for water supply.  

8.1.2 GCMs 
Sixteen GCMs were coupled with the three emissions scenarios to simulate the global 
atmosphere and oceans and provide projections of specific climatological forcings (principally 
temperature and precipitation) during the period 1950 to 2099. Many of the GCMs were 
simulated multiple times for the same emission scenario due to differences in starting climate 
system state (initial oceanic and atmospheric conditions); thus, the number of available 
projections (112) is greater than simply the product of the number of GCMs and emission 
scenarios. Appendix B2 provides a summary of the GCMs, initial conditions, and emissions 
scenario combinations featured in the Study. Recent research (Pierce et al., 2009; Gleckler et al., 
2008) has shown the importance of incorporating multiple climate projections (even when 
derived from the same GCM) and the superiority of the multi-model ensemble for a wide array 
of climate metrics. The subsequent results presented on future climate (primarily temperature 
and precipitation) and, indirectly, streamflow rely on the data generated by these GCMs. 
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8.1.3 Bias Correction and Spatial Downscaling  
Due to the coarseness of the GCM grids and inherent biases in their results, the GCM results 
were transformed to a local scale (~12 km) through a process called bias correction and spatial 
downscaling (BCSD). The methods of this process are described in detail in Wood et al., 2002; 
Wood et al., 2004; and Maurer, 2007.  

The purpose of bias correction was to adjust a given climate projection for inconsistencies 
between the simulated historical climate data and observed historical climate data. In the 
BCSD approach, GCM projections were bias corrected at a 2-degree resolution using a quantile 
mapping technique which corrects the simulated historical monthly temperature and precipitation 
projections to be consistent with the observed distributions at the same resolution. Following bias 
correction, the adjusted climate projection data were statistically consistent (monthly cumulative 
distribution functions were identical) with the observed climate data for the historical overlap 
period of 1950 to 1999. The bias correction quantile maps derived from the historical overlap 
period were then used to adjust the GCM projections for the future period. Note that this method 
assumes that the GCM biases have the same structure during the 20th and 21st Centuries’ 
simulations.  

Downscaling spatially translated bias corrected climate data from the coarse, 2-degree 
(~200 km), spatial resolution typical of climate models to a Basin-relevant resolution of  
1/8th-degree (~12 km), which is more useful for hydrology and other applications. The spatial 
downscaling process generally preserves observed spatial relationships between large- and fine-
scale climates. This approach assumes that the topographic and climatic features that determine 
the fine-scale distribution of large-scale climate will be the same in the future as in the historical 
period.  

8.1.4 Daily Weather Generation (Temporal Dissaggregation) 
The resulting BCSD climate projections provided a representation of future monthly temperature 
and precipitation through 2099. However, to be useful for hydrologic modeling, this information 
was required on a daily temporal scale. The monthly downscaled data was temporally 
disaggregated to a daily temporal scale to create realistic weather patterns using the sampling 
methods described in Wood et al. (2002). To generate daily values, for each month in the 
simulation a month was randomly selected from the historic record for the same month (e.g., for 
the month of January, a January is selected from the 1950 to 1999 period). The daily 
precipitation and temperature data from the historic record were then adjusted (rescaled 
precipitation and shifted temperature) such that the monthly average matches the simulated 
monthly value. The same historic month was used throughout the domain to preserve plausible 
spatial structure to daily storms. The results of the temporal disaggregation were daily weather 
sequences that preserve the monthly values from the downscaled climate projections. Some 
uncertainties were introduced depending on the method employed to produce the daily data from 
the monthly climate values. A comparison of two available methods (Wood et al., 2002, and 
extension of Wood et al., 2002, described in Salathé, 2005) to generate daily weather patterns for 
the Study favored the use of the Salathé, 2005, method employed in the SECURE Report to 
produce the daily downscaled data. An additional description of the comparative analysis is 
presented in appendix B3. 



Colorado River Basin  
Water Supply and Demand Study 
 
 

B-48 December 2012 

8.1.5 Hydrologic Modeling 
The daily weather sequences were used as input to the VIC hydrologic model to generate 
estimates of hydrologic fluxes and streamflow under various climate futures. For each of the 
112 climate projections, the VIC hydrologic model produced a distinct trace of natural flows at 
each of the 29 natural flow locations. 

Developed at the University of Washington, the VIC model is a semi-distributed, macro-scale 
hydrologic model that solves the water balance at each model grid cell. A VIC model of the 
Basin was previously developed by the University of Washington (Christensen and Lettenmaier, 
2007), and was provided to Reclamation for the Study. The model has not been further calibrated 
or refined as part of the Study, but the model performance and bias correction has been evaluated 
and is discussed in the next section. A thorough description of the VIC model is provided in 
appendix B4.  

Analysis shows (presented in appendix B4) that there are some biases in the VIC streamflows as 
driven by historical observed and downscaled climate model simulated historical meteorological 
forcings in comparison with the natural flows for the Basin for the overlapping period of 1950 to 
1999. These biases are generally small for mainstem Colorado River locations, but can be large 
for smaller watersheds and in areas where the VIC model was not specifically calibrated. The 
mean annual flow bias for the Colorado River at Lees Ferry, Arizona, is positive 1.1 percent. 
Moving upstream to the three largest contributors to flow at Lees Ferry, the bias is negative 
3 percent for the Green River near Green River, Utah, less than 1 percent for the Colorado River 
near Cisco, Utah, and negative 6 percent for the San Juan River near Bluff, Utah. The VIC model 
appears to have higher biases in the upper watersheds and lower biases farther downstream as 
more of the watershed contributes to the flow. In general, the upper Colorado River locations 
exhibited a positive bias, while the Green River and San Juan River locations exhibited a 
negative bias.  

These biases are due to differences between the GCM-simulated historical climate and observed 
climate data, differences in hydrology model inputs and parameterization, and differences 
between the VIC-simulated hydrologic responses and observed watershed responses implied in 
the natural flows. The lack of calibration of the VIC model for lower order streams within the 
Basin is believed to be a significant source of the bias at these scales.  

A streamflow bias correction method was developed and applied to the “raw” VIC-simulated 
flows to account for any systematic bias in the hydrology model and/or climate data sets. 
The method corrected for monthly and annual biases, while ensuring that the corrected flows 
maintained the system and local mass balance. The raw VIC-simulated streamflows for both 
the historical and future periods were first adjusted for biases before incorporating into the 
CRSS modeling. The streamflow bias correction step was an important component for the use 
of climate-driven hydrologic modeling and results in subsequent systems modeling. Without this 
step, the VIC-simulated historical flow biases would be carried forward into future assessments 
and the potential existed for misattribution of some streamflow changes to changes in climate, 
while these may be partially associated with model/data bias. Details on the methods used to 
correct for biases are included in appendix B4. 
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In addition to producing routed natural flows, the VIC model also provided output for other 
water supply indicators, including precipitation, runoff, baseflow, ET, soil moisture, and SWE. 
The subsequent results presented on hydrologic processes relied on these parameters generated 
by the VIC model. 

Additional detail on VIC and its application for the Study can be found in appendix B4.  

8.1.6 Systems Modeling 
A total of 112 realizations at the 29 natural flow locations were taken from the VIC model 
simulations and subsequently corrected for streamflow biases. Differing from the three other 
future water supply scenarios, which do not address changes in climate, each Downscaled 
GCM Projection hydrologic sequence of streamflow exhibits a long-term future trend and 
increased variability beyond what occurred historically. For the Study, no differentiation was 
applied for each of the sequences, based on emission scenario or historical GCM skill. In 
essence, each of the 112 sequences was treated as equally likely when applied in CRSS in later 
phases of the Study. Included in this report is an evaluation of the relative sensitivity of 
streamflows to emission scenarios. From a mechanical standpoint, the Downscaled GCM 
Projected scenario was implemented as 112 distinct projections of the future, each starting in the 
year aligned with the Study period start year of 2011.  

8.2 Uncertainty  
The process outlined above and shown graphically in figure B-36, in which climate projections 
are used to generate projections of future streamflow, contains a number of areas of uncertainty. 
Each step in the process contains uncertainty, and it is important to recognize these in the 
interpretation of results. First, emission scenarios describing the global emissions of GHGs over 
the century were used as the primary input to GCMs. The SRES emission scenarios were used to 
project a range of future global development pathways. Each emission scenario was considered 
plausible, but the fact that the range may not be sufficiently broad cannot be ruled out. In 
addition, the climate system responds to a number of factors that contribute to radiative forcings 
affecting the warming of the earth’s surface. Factors such as aerosols, solar activity, surface 
albedo, and variations in the earth’s orbit, all influence the earth’s energy balance. These 
mechanisms are included in the climate models to the degree they are understood and can be 
projected into the future, but represent an inherent uncertainty in attempting to simulate the 
global climate system on decadal and century scales. Anthropogenic carbon dioxide emissions, 
which are directly represented in the emission scenarios, are believed to represent the largest 
component of the estimated radiative forcing (IPCC, 2007).  

Second, GCMs are used to simulate global climate patterns resulting from atmospheric forcings 
and feedbacks throughout the land, ocean, and atmosphere interactions. The GCMs were applied 
at relatively coarse scales (~150- to 200-km resolution) in relation to what is required for 
watershed assessments, and therefore are not likely to capture important regional phenomena. 
Because of the atmospheric lag from GHG emissions, much of the uncertainty in climate 
projections through mid-century is associated with the structure and application of the many 
different GCMs themselves, rather than the emission scenarios driving them. The GCM results 
were necessarily bias corrected and spatially downscaled to be useful at the watershed scale. 
These bias correction and downscaling processes, while necessary, removed some of the physical 
linkages from the climate projections and introduced an aspect of further uncertainty. High-



Colorado River Basin  
Water Supply and Demand Study 
 
 

B-50 December 2012 

resolution regional climate modeling may help resolve some of the scale mismatch (both 
spatially and temporally) in the future, but the availability of these simulations over a broad 
ensemble of models and emission scenarios is limited. The statistical downscaling method 
employed in the Study preserves monthly observed precipitation and temperature statistics for 
the overlapping period at the 2-degree spatial scale. However, the statistics at finer spatial scales 
(i.e., 1/8th-degree scale) or longer temporal scales (seasonal, annual, and longer scales) are not 
necessarily preserved. Analysis included in appendix B3 provides further information on this 
topic. 

Finally, hydrologic models are approximations of the complex physical processes that occur on 
the watershed scale. The VIC model is considered a strong, physically based hydrology model, 
but simulates hydrologic processes at the macro scale. The model necessarily needs to 
parameterize certain aspects of the hydrologic cycle to capture the effects at smaller scales. 
Several assumptions in the VIC modeling approach carry considerable uncertainty. First, the 
VIC modeling assumes that land use and vegetative cover are fixed throughout the simulation 
period. Future assumptions of land use that are consistent with the socioeconomic assumptions in 
the water demand scenarios were not integrated into the water supply scenarios. Changes in 
climate are likely to drive changes in native and invasive species (vegetative, terrestrial, avian, 
and aquatic) distribution and these will influence the physical watershed and future hydrologic 
processes and streamflow. The magnitude of these impacts is believed to be relatively small 
compared to the effects of changes in direct temperature and precipitation; however, the 
magnitude has not yet been quantified.  

In addition, the VIC model, as described in this report, has been adopted without re-calibration. 
Results appear reasonable at the larger watershed scale, but there is observed bias in particular 
watersheds and at the sub-watershed scale. A bias correction method has been applied to 
compensate for some of the biases, but in doing so it necessarily introduces assumptions on the 
linkages between past and future climates that are not yet known.  

8.3 Results 
The results of the 112 future climate projections are presented in this section for climate, 
hydrologic processes, and streamflow. Climate teleconnections are discussed primarily in a 
qualitative manner due to the broad uncertainty in projecting future states of coupled ocean-
atmosphere conditions. For climate, results are presented in terms of annual precipitation and 
temperature trends, followed by an analysis of seasonal trends. For hydrologic processes, results 
are presented for ET, snowpack, soil moisture, and runoff. Both annual and seasonal analyses are 
presented. The last section of the results focuses on projected changes in streamflow, both annual 
and seasonal, and predominately at the Colorado River at Lees Ferry, Arizona location.  

Climate and hydrologic process results are presented as changes from the 30-year historical 
climatological period (1971 to 2000) to three future 30-year periods (2011 to 2040, 2041 to 
2070, and 2066 to 2095). Thirty-year periods were chosen to span the almost 90-year future 
projection period (2011 to 2099). In addition, due to the difference in initial atmospheric-ocean 
conditions between the GCMs, a 30-year period is sufficient to separate projected average 
conditions from individual and multi-year variability. For simplicity, these periods are referred to 
as the year in which they are centered: i.e., 1985, 2025, 2055, and 2080.  
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Although the Study period is through 2060, the 112 future climate projections extend through 
2099. The additional approximate 40 years of projections have been included in the analyses for 
the climate and hydrologic processes results because they offer additional insight into the 
projected changes of these parameters. To facilitate a more direct comparison with the projected 
streamflow from the other three scenarios (Observed Resampled, Paleo Resampled, and Paleo 
Conditioned), streamflow results are presented through 2060.  

Under the scenario planning approach employed in the Study, each future climate projection was 
viewed as a plausible future. The probability or likelihood of each future projection is unknown, 
hence summary statistics of the resulting projections such as mean or median of the ensemble 
projection is not the most likely future, but simply the central tendency of the ensemble. For the 
Observed Resampled, Paleo Resampled, and Paleo Conditioned scenarios summary statistics are 
grounded by a stationary hydroclimate assumption. Given the increasing debate concerning the 
validity of a stationary hydroclimate assumption, it is tenuous to assert that the past record is 
predictive of future conditions. Thus, while summary statistics such as mean and median are 
used in part to present these data, it is important to consider the full range of outcomes, which are 
also provided throughout these results. 

In the case of the Downscaled GCM Projected scenario, this consideration is further complicated 
by the ensemble of results. Each of these traces is a unique combination of initial conditions, 
GCM choice, and future emission scenario. The resulting streamflows are all considered 
plausible futures. However, summary statistics can be computed by various approaches, which 
influence the outcome of these values. Thus, understanding the full range of results is even more 
paramount in this supply scenario. Recent literature on the topic has found that an ensemble of 
results with multiple realizations from a single GCM can inadvertently bias the ensemble 
statistics favoring the GCM with multiple realizations. Hence, in some cases it may be prudent to 
combine realizations from each GCM such that each contributes equally to the ensemble and 
associated statistics. The alternate perspective suggests that with more runs from a particular 
GCM, there is greater confidence and understanding of the GCM’s tendencies. This is desirable 
and might merit greater weight than a GCM with only one realization. The latter introduces 
sizable uncertainty to the ensemble as it is unknown if additional realizations from the GCM 
with a single realization would yield similar results or vary widely. In practice, the most prudent 
approach is a case by case consideration of these and other methods to determine the most 
appropriate path forward. In the Study, the results were found to be insensitive to the method by 
which summary statistics were computed (ensemble mean streamflow projections were within 
1 percent of each other under both approaches). Results presented throughout the following 
sections weight all GCM realizations equally simply describing summary statistics based on the 
112 available projections. Acknowledging that a summary statistic alone cannot capture the 
complexity of these results, ranges, percentiles and other distributional measures are also 
provided.  

8.3.1 Climate  
Climate projections from the 112-projection ensemble indicate a strong continued warming 
throughout the Basin. Figure B-37 shows the Basin average temperature and precipitation 
projections for 1950 to 2099 (the length of the GCM projection period) in relation to the 1950 to 
2005 (the length of the observed climate period) historical observed climate. The projection 
ensemble indicates substantial warming, with a median increase in annual temperature of about 
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1.3 ºC by 2025, 2.4 ºC by 2055, and 3.3 ºC by 2080. All projections are consistent in the 
direction of the temperature change, but vary in terms of climate sensitivity. Annual precipitation 
trends are not apparent in this Basin-wide analysis. Roughly half of the projections indicate a 
wetter future, while the other half indicate drier conditions. The uncertainty in future annual 
precipitation appears to be increasing with time, while the median of the projections is relatively 
unchanged. 

Figure B-38 presents the change in mean annual temperature (absolute change) and precipitation 
(percent change) for three future periods: 2011 to 2040 (2025), 2041 to 2070 (2055), and 2066 to 
2095 (2080), relative to the 30-year historical period 1971 to 2000 (1985). For most of the Basin, 
temperature increases are within 1.0 °C to 1.5 °C, 2.0 °C to 2.5 °C, and 3.0 °C to 4.0 °C for 
2025, 2055, and 2080, respectively. The Upper Basin is projected to warm more than the Lower 
Basin. Projected precipitation changes are relatively modest in 2025. However, by the 2055 and 
2080 periods, precipitation decreases by up to 10 percent in much of Lower Basin. In contrast, 
precipitation increases by up to 10 percent in the Upper Basin at higher elevation and toward the 
north (Green River Basin).  

Maps of seasonal changes in temperature and precipitation for the three future 30-year periods 
are included in appendix B6 and are summarized here. 

The seasonal analysis shows that 2055 projected seasonal temperature changes exhibit minimal 
geographic variation in the fall. Winter and summer temperatures in the Upper Basin increase 
slightly more than those in the Lower Basin. Projected temperature increases are lowest in 
winter, ranging from 1.5 °C to 2.5 °C. The largest projected temperature increases occur in 
summer, and range from 2.5 °C to 3.0 °C.  

The 2055 change in projected mean winter precipitation is highly varied throughout the Basin, 
with values in the Lower Basin decreasing from 0 to 15 percent and the values in the Upper 
Basin increasing from 0 to 15 percent. However, it should be noted that on an absolute basis, the 
Upper Basin receives considerably more rainfall than the Lower Basin, such that a 15 percent 
change is substantially more total precipitation in that region. During spring, precipitation is 
projected to decrease throughout the Basin. The most severe reductions (on a percentage basis) 
occur in the southwestern region, where the decline is up to 30 percent. Summer is the only 
season in which projected precipitation shows a decrease in the Upper Basin and an increase or 
no change in the Lower Basin. Trends in fall precipitation closely resemble those of the winter 
season, but the projected percent changes for fall are lower in magnitude.  

Figure B-39 summarizes projected changes in climate conditions on a watershed basis, as indicated 
by the 112-projection ensemble for the three future 30-year periods. Each point represents a single 
watershed (one for each contributing area). The location of a point in the figure is determined by 
the mean projected change in temperature between the future periods and the simulated historical 
period 1971 to 2000, and the mean projected change in precipitation between the future periods 
relative to the simulated historical period. Change in temperature is measured in ºC, while change 
in precipitation is measured as a percentage.  
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FIGURE B-37 
Historical (line series with markers) and Projected Annual Average Temperature (top) and Projected Annual Total Precipitation 
(bottom) Smoothed as a 10-year Mean  
Shading represents a range of projections and the solid line represents a median of projections. 
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FIGURE B-38 
Mean Projected Change in Annual Temperature and Precipitation 
2025 (2011–2040) versus 1985 (1971–2000), 2055 (2041–2070) versus 1985 (1971–2000), and 2080 (2066–2095) versus 1985 (1971–2000). 
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FIGURE B-39 
Projected Changes in Mean Seasonal and Annual Temperature and Precipitation for the Colorado River Basin  
Periods are 2025 (2011–2040); 2055 (2041–2070); and 2080 (2066–2095), compared to the 1985 (1971–2000) historical period 
(hollow symbols represent Lower Basin locations, while solid symbols indicate Upper Basin locations). 

  

  

 

For a given season and future time period, projected changes in temperature are relatively 
consistent across all watersheds, with little variation throughout the Basin. By 2025, temperatures 
are projected to increase at least 1.0 °C in nearly all watersheds for all four seasons. Spring and 
summer show the greatest warming, with seasonal temperatures in most watersheds increasing 
3 °C to 4 °C by 2080. Annual temperature increases are projected at 1.0 °C to 1.5 °C, 2.0 °C to 
2.5 °C, and 3.0 °C to 3.5 °C for 2025, 2055, and 2080, respectively.  
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Projected changes in seasonal precipitation vary widely across watersheds and seasons. In 
general, relative precipitation variability increases with time. On an annual basis, projected 
precipitation through 2080 is generally within 5 percent of historical precipitation, with half of 
the Basin’s watersheds exhibiting positive change and half exhibiting negative change. The most 
significant and monotonic change in precipitation occurs in spring, during which all watersheds 
show a decrease in precipitation for each of the future time periods. By 2080, the decrease in 
spring precipitation ranges from 0 to 40 percent, with the values well distributed within the 
range. During fall and winter, small increases (less than 10 percent) are projected for 2025, but 
bimodal patterns of increases in the Upper Basin (about 20 percent for winter in 2080) and 
decreases or neutral changes in the Lower Basin (about 10 percent for winter in 2080) begin to 
appear in the 2055 and 2080 time periods. Summer is the only season in which the bimodal 
pattern is reversed with decreases in precipitation projected in the Upper Basin and increases in 
the Lower Basin (see appendix B6 for projected seasonal precipitation maps). The summer 
pattern is likely due to a more active monsoon and increased moisture flow from the Gulf of 
California during this season simulated in the GCMs, although the summer precipitation 
associated with the monsoon is poorly simulated in most climate models (Lin et al. 2008; Gutzler 
et al. 2005).  

8.3.2 Summary of Changes in Climate 
• Warming is projected to increase across the Basin, with the largest changes in spring and 

summer and larger changes in the Upper Basin than in the Lower Basin. Annual Basin-wide 
median temperature increases are projected to be approximately 1.3 °C, 2.4 °C, and 3.3 °C 
for 2025, 2055, and 2080, respectively, with less warming in winter and higher warming in 
summer.  

• Precipitation patterns continue to be spatially and temporally complex, but projected seasonal 
trends toward drying are significant in certain regions. Precipitation patterns are complex due 
to influence of oceans, storm tracks, changes in atmospheric circulation patterns (e.g., Hadley 
cell expansion), and the interplay with mountainous regions (orographic considerations). A 
general trend toward drying is present in the Basin, although increases are projected in the 
higher elevation and most hydrologically productive regions. Consistent and expansive 
drying conditions are projected for the spring throughout the Basin. For much of the Basin, 
drying conditions are projected in the summer, although some areas of the Lower Basin are 
expected to experience slight increases in precipitation which may be due to the monsoonal 
influence in this region. Upper Basin precipitation is projected to increase in the fall and 
winter, while the Lower Basin is expected to experience a decrease. Despite drying spring 
conditions in the Upper Basin, annual precipitation is projected to increase in the higher 
elevations due to higher winter precipitation increases in these regions. Projections 
demonstrate a bi-modal pattern of precipitation changes in fall and winter, with the Upper 
Basin projected to experience increases and the Lower Basin projected to experience 
decreases. The division of wetter versus drier conditions in the winter moves northward with 
continued warming through time, consistent with an expansion of the Hadley cell and more 
northerly storm tracks (Seager and Vechhi, 2010).  
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8.3.3 Hydrologic Processes  
Figures B-40 and B-41 present grid cell-based VIC model output via Basin-wide spatial plots for 
ET, runoff, soil moisture, and SWE. For each future time period and for each parameter, the 
mean projected annual changes are presented. Projected seasonal changes for these parameters 
can be found in appendix B6.  

Figure B-40 shows the percent change in mean annual ET and mean annual runoff. ET is 
projected to increase in most high elevation and northerly areas of the Upper Basin and is 
strongly related to the availability of soil moisture. In the Lower Basin, where decreased 
precipitation is projected (and subsequently reduced soil moisture), ET is projected to decrease 
substantially, particularly in the 2055 and 2080 periods. Runoff is projected to decrease 
substantially (up to 30 percent) across large areas of the Basin, with greatest reductions in the 
south and at high elevation. Elsewhere, projected decreases are generally within 15 percent of the 
historical period through 2080. Runoff is projected to increase for small areas in the northeastern 
portion of the Basin (Green River Basin primarily). The increases in the northern portion of the 
Basin are an important finding and contribute significantly to mitigate reduced runoff trends for 
much of the rest of the Basin. 

Figure B-41 shows the mean percent change in April 1 SWE and July 1 soil moisture. With few 
exceptions, April SWE is projected to decline by up to 30 percent throughout the Basin by 2025 
as more precipitation falls as rain and as warmer conditions lead to earlier snowmelt. This 
process becomes more pronounced in the 2055 and 2080 periods. July 1 soil moisture is 
projected to decrease by 5 to 10 percent throughout the Basin for the three future time periods. 
The loss of soil moisture is primarily the result of the greater moisture availability for ET earlier 
in the year (more rain less snow and earlier melt of snowpack) in the higher elevation Upper 
Basin and reduced overall precipitation in the Lower Basin. The most substantial decline occurs 
in the northeast portion of the Basin.  

Maps of seasonal changes in ET, runoff, soil moisture, and SWE for the three future 30-year 
periods are included in appendix B6 and are summarized here. 

Projected 2055 changes in ET vary substantially throughout the Basin. In general, ET is projected 
to increase during fall and winter, but decrease during summer for the majority of the Basin. 
Projected ET changes exhibit considerable geographic variability and range in magnitude during 
spring, when portions of the Upper Basin have ET increases of up to 30 percent and portions of 
the Lower Basin have ET decreases of up to 30 percent. Both phenomena are related to soil 
moisture availability. Increases in Upper Basin ET are due to greater soil moisture availability, 
while Lower Basin decreases are due to reduced available soil moisture. During summer, 
projected 2055 changes in ET range from -5 to -10 percent in most locations.  

Projected 2055 changes in runoff also vary substantially throughout the Basin. In most seasons, 
runoff declines throughout the Basin. However, increases are projected for portions of the Upper 
Basin in fall and winter, and for the extreme southwestern portion of the Basin for all seasons. 
The projected decline in runoff is most substantial during spring, when several areas in both the 
Upper and Lower Basins feature a runoff reduction of up to 30 percent. Portions of the Upper 
Basin exhibit a reduction of similar magnitude during both summer and fall. 
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FIGURE B-40 
Mean Projected Percent Change in Annual ET and Median Projected Percent Change in Runoff1 
2025 (2011–2040) versus 1985 (1971–2000), 2055 (2041–2070) versus 1985 (1971–2000), and 2080 (2066–2095) versus 1985 (1971–2000). 

 
1 Median is used for runoff percent change, rather than mean because regions of extreme low historical precipitation may show disproportionately high percentage changes. 
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FIGURE B-41 
Mean Projected Percent Change in April 1 SWE and July 1 Soil Moisture 
2025 (2011–2040) versus 1985 (1971–2000); 2055 (2041–2070) versus 1985 (1971–2000); and 2080 (2066–2095) versus 1985 (1971–2000). 
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The results of the watershed-based statistical analysis of VIC model output (climatological and 
hydrologic parameters) are presented for two representative Basin watersheds. The selected 
watersheds are those immediately upstream of the Colorado River at Glenwood Springs, 
Colorado, and the Colorado River at Hoover Dam. These select watersheds represent a high 
elevation headwaters region in the Upper Basin and a lower elevation, warmer region in the 
Lower Basin. Additional locations representing a more-robust cross-section of the Basin are 
included in appendix B6.  

Figures B-42 and B-43 each present the changes in six hydrologic parameters (precipitation, 
temperature, ET, runoff, SWE, and soil moisture) from the 30-year historical period (1971 to 
2000) to three future 30-year periods: 2011 to 2040 (2025); 2041 to 2070 (2055); and 2066 to 
2095 (2080). Figure B-42 presents these hydrologic parameter changes for the Colorado River at 
Glenwood Springs, Colorado. The results for this watershed are representative of those for other 
watersheds in the high elevation Upper Basin:  

• Precipitation: In the three future time periods, the Upper Basin watersheds experience a shift 
in the timing of precipitation; more precipitation occurs in fall and winter (November 
through March) and less occurs in spring (April through June) relative to historical 
conditions. For this watershed, the increases in precipitation in fall/winter are greater than the 
reductions in spring/summer, resulting in a net increase.  

• Temperature: Monthly temperatures increase from 1.0 °C to 1.5 °C by 2025, and by 2.5 °C to 
4.0 °C by 2080 relative to the 30-year historical period of 1971 to 2000.  

• ET: Although ET is relatively unchanged from September through March, spring months 
(April through June) feature a marked increase.  

• SWE: Snowpack, as indicated by SWE, is consistently less in the future than in the historical 
period, particularly from March through June. Shifts in both runoff and soil moisture indicate 
that some portion of the reduction in spring SWE may be related to earlier snowmelt.  

• Runoff: Runoff is projected to increase in March, April, and May, while both precipitation 
and SWE are reduced during April and May. This suggests an earlier snowmelt that supplies 
the increased runoff from March through May and contributes to a reduction in snowpack. 
This is further supported as runoff is substantially reduced in June and July, suggesting that 
the melting snowpack, which historically supplied runoff during these months, has been 
substantially reduced by this time.  

• Soil moisture: Soil moisture is increased from February through April in conjunction with 
increased snowmelt infiltration. However, relative to historical conditions, the projected soil 
moisture is lower for the remainder of the year, exhibiting the most substantial reduction in 
June.  

Figure B-43 presents these plots for the Colorado River at Hoover Dam. The results for this 
watershed are representative of those for other watersheds in the Lower Basin. Due to the limited 
snowpack in the Lower Basin and its resulting limited role in the hydrologic processes of this 
region, the SWE results for the Lower Basin are not considered in these plots. Relative to the  
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FIGURE B-42 
Projected Change in Mean Monthly Climatological and Hydrologic Parameters: 01-Colorado River at Glenwood Springs, 
Colorado (Upper Basin) 
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FIGURE B-43 
Projected Change in Mean Monthly Climatological and Hydrologic Parameters: 25-Colorado River at Hoover Dam 

  

  

  
 
 

Upper Basin, the changes projected for the Lower Basin are smaller in magnitude on an absolute 
scale (e.g., change in mm rather than change in percentage):  

• Precipitation: In the Lower Basin, precipitation is projected to decrease during half of the 
year, with spring exhibiting the most notable decline.  

• Temperature: Monthly temperature increases are projected throughout the year ranging from 
1.5 °C by 2025 to 4.0 °C by 2080. 
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• Evapotranspiration: ET is noticeably reduced in late spring and early summer, though modest 
increases are projected for winter. The marked reductions in late spring and early summer are 
likely due to the reductions in precipitation, runoff, and soil moisture that occur during these 
times. 

• Runoff: Runoff is reduced during all seasons at this location and is more pronounced in the 
2055 and 2080 time periods. Reductions result from the compounding effects of decreased 
precipitation and increased winter and early spring ET. It should be noted that runoff in this 
watershed (and similar watersheds in the Lower Basin) is very small and contributes little to 
the overall flow in the Colorado River. Runoff is usually less than 5 to 10 percent of the 
precipitation in this region.  

• Soil Moisture: Soil moisture is projected to be lower year round, with the largest reductions 
occurring in the spring.  

In the future, the Lower Basin is generally projected to have less water in the form of 
precipitation and soil moisture year round, and especially during winter and spring. However, the 
magnitude of these reductions is modest. 

8.3.4 Summary of Changes in Hydrologic Processes 
• PET generally increases with warmer conditions and suggests a theoretical increase in 

ET demand. Actual ET, which is limited by soil moisture availability, is projected to increase 
across the Basin during seasons of highest available soil moisture. ET increases are projected 
in the Upper Basin (at lower elevations) and the Lower Basin in fall and winter as snowpack 
is not significant and warmer temperatures exist. Substantial ET decreases in the Upper and 
Lower Basin are projected in summer as soil moisture is depleted earlier than under historical 
conditions. During spring, peak increases in ET are projected in the Upper Basin (at higher 
elevations) as higher winter precipitation and earlier snowmelt allow a higher percentage of 
PET to be satisfied. Conversely, in the Lower Basin, the largest decreases are projected 
during the spring as precipitation, runoff, and soil moisture are reduced during this time. 
ET changes described here are from natural watershed and non-irrigated areas. ET effects on 
irrigated areas and water demand are discussed in Technical Report C – Water Demand 
Assessment. 

• Snowpack is projected to decrease as more precipitation falls as rain rather than snow and 
warmer temperatures cause an earlier melt. Decreases in snowpack in the fall and early 
winter are expected in areas where precipitation is not changed or is increased, and is caused 
by a greater liquid form of precipitation due to warming. Substantial decreases in spring 
snowpack are expected and projected to be widespread, due to earlier melt or sublimation of 
snowpack. 

• Soil moisture represents a significant portion of the seasonal watershed storage and buffers 
monthly changes in water availability and consumptive use. The interplay among 
precipitation, snowpack, ET, and runoff causes changes in soil moisture conditions. In 
general, soil moisture is depleted earlier in the year, and deficits persist longer into the late 
fall and early winter compared to historical conditions. In regions with overlying snowpack, 
earlier melt implies earlier contribution to soil moisture storage and an earlier opportunity for 
ET to consumptively use this stored water. In all regions, there is projected to be increased 
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PET due to warming. However, actual ET is governed by water availability; and when such 
soil moisture storage is depleted actual ET is curtailed. Reductions in soil moisture at the 
beginning of summer (approximated as July 1) are modest but consistent throughout the 
Basin. Larger reductions are projected in the higher elevation portions of the Basin where 
moisture persists longer. Overall, the watershed enters the winter season with larger soil 
moisture deficits and greater opportunity to store and consume winter precipitation.  

• Runoff (both direct and baseflow), the balance of hydrologic processes affecting the supply 
and demand at the local grid-scale, is spatially diverse, but is generally projected to decrease, 
except in the northern Rockies. As with precipitation, runoff is projected to increase 
significantly in the higher elevation Upper Basin during winter, but exhibits decreases during 
spring and summer. Increases in runoff in the summer across the southwestern portion of the 
Basin are consistent with higher precipitation rates, possibly associated with a more active 
monsoon. However, the increases from an absolute change perspective are small (generally 
less than 5 mm [0.15 inch] per year) and do not contribute to substantial net supply to the 
Colorado River. Due to the minimal amount of annual rainfall in this region, however, 
caution should be taken in interpreting a percentage increase (a small increase from near zero 
is a large percentage increase).  

8.3.5 Climate Teleconnections 
Climate change projections of ENSO characteristics for the balance of this century are model-
dependent and inconclusive. Not all the GCMs used in the Study simulate the dynamics of 
ENSO and other longer-term indices with fidelity. AchutaRao and Sperber (2002) evaluated 
ENSO simulations using 80-year control runs from 17 GCMs that participated in the CMIP3. 
They found that only a subset of the GCMs produce realistic amplitudes of NINO3 (index of the 
sea surface temperatures in the Pacific Ocean) and SOI, but ENSO often tends to occur at higher 
than observed frequency. In their recent study (AchutaRao and Sperber, 2006), though, they find 
the next generation GCMs that participated in the IPCC AR4 tend to be more realistic in 
representing the frequency with which ENSO occurs. The GCMs are better at locating enhanced 
temperature variability over the eastern Pacific Ocean. They suggest multi-century integrations 
of GCMs may be required to statistically assess model improvement of ENSO.  

ENSO has an important role in western U.S. climate. Whether the frequency and characteristics 
of ENSO will be changed in a changing climate has strong practical importance. A few of the 
recent studies analyzed GCM simulations to address these questions (Yeh et al. 2009; Collins et 
al., 2010). However, there is no common consensus yet in the scientific community. Collins et al. 
(2010) argue that despite considerable progress in the understanding of the impact of climate 
change on many of the processes that contribute to El Niño variability, it is not yet possible to 
say whether ENSO activity will be enhanced or damped, or if the frequency of events will 
change. Yeh and Kirtman (2007) investigate two coupled GCMs—the Meteorological Research 
Institute’s model, and the Geophysical Fluid Dynamics Laboratory’s model—to analyze 
projected ENSO amplitude changes using a four times carbon dioxide emission scenario. They 
determine that despite the large changes in the tropical Pacific mean state, the changes in 
ENSO amplitude are highly model-dependent. Results suggest that the understanding of changes 
in ENSO statistics among various climate change projections is highly dependent on whether the 
model ENSO is in the linear or nonlinear regime. ENSO and PDO provide only limited skill in 
determining basin precipitation; thus, even improved simulation results for these indices may be 
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of limited value in making assessments of future supply conditions. Further research is needed to 
investigate the teleconnections and the direction of these teleconnections in the future.  

8.3.6 Streamflow 
Natural streamflows were simulated at the 29 flow locations for each of the 112 climate 
projections. Figure B-44 displays all of the individual 112 sequences in the Downscaled 
GCM Projected scenario. The sequence bolded in figure B-44 also appears in figure B-45, which 
is a representative trace of the 112 sequences. In figure B-45, the mean annual flow of the 
112 sequences at this location declines substantially over time due to changes in hydrologic 
processes. Mean annual flows for Colorado River at Lees Ferry, Arizona, for the 50-year period 
of the Study (2011 to 2060) are approximately 13.7 maf. This represents a reduction in 
streamflow of approximately 6 percent compared to the period 1950 to 1999 (14.6 maf), or 
approximately 9 percent compared to the long-term period 1906 to 2007 (15.0 maf). It should be 
noted that the median of the projections is nearly 1.0 maf lower (annual flow of around 12.7 maf) 
than the mean, indicating that the projection ensemble exhibits a strong drying trend but that 
some wetter projections are compensating in the mean statistic. A few projections (less than 
10 percent) show considerably more annual variability than the observed record. Although 
simulated future minimum flows are similar to those in the observed record, the maximum 
annual flows are significantly higher.  

Finally, figure B-46 shows the range of Colorado River flow projections under the Downscaled 
GCM Projected scenario as compared to the historical observed flows. Observed natural flows 
span from 1906 to 2007 while the projections begin in 1950 and extend through 2099. During the 
overlapping period of 1950 to 2007, the projection reflects the range of natural flows from the 
observed record. Interestingly, the projection ensemble indicates a declining trend starting in the 
1990s and a significant expansion in variability starting in the late 2000s. A number of sequences 
in the Downscaled GCM Projected scenario exhibit occasional annual runoff conditions that far 
exceed the maximum in the observed or paleo records. Although it is possible that future climate 
will expand the magnitude and frequency of extreme events, it is also possible that some 
projections are simply extreme outliers from the ensemble. As shown in figure B-46, 5 to 
10 percent of the projections show annual flows in excess of the maximum observed natural flow 
of 25 maf for any given year.  

To better understand the issue of simulated extreme high flows and to determine whether specific 
GCMs or emission scenarios were driving this result, further analysis was conducted. For each 
downscaled climate projection, the cumulative difference from the simulated maximum flow to 
the maximum observed annual value of 25 maf over the study period 2011 to 2060 was 
computed. In addition, the total number of years in which the simulated flow exceeded 25 maf 
was counted for the 112 VIC model simulations. The results of this analysis are shown in figure 
B-47. Each of the 112 projections are listed and colored by the emission scenario (blue for A1B, 
red for A2, and green for B1). The corresponding dot represents the number of years in which 
that projection had simulated flows greater than 25 maf. The bar represents the cumulative flow 
above 25 maf. More than half of all GCM projections produced at least one event greater than 
25 maf and these occurred regardless of emission scenario. None of the projections had more 
than 4 years in which they exceeded 25 maf. In addition, the GCMs with the largest deviations 
under one emission scenario produced fewer or no deviations under another emission scenario.  
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FIGURE B-44 
Colorado River at Lees Ferry, Arizona Natural Flow for 112 Sequences for the Downscaled GCM Projected Scenario 
The bolded line indicates a representative trace. 

 
 
FIGURE B-45  
Colorado River at Lees Ferry, Arizona Natural Flow Statistics for the Downscaled GCM Projected Scenario  
Median (line), 25th–75th percentile band (dark shading), 10th–90th percentile band (light shading), max/min (whiskers), and 
1906–2007 observed min and max (dashed lines). The red bolded line indicates a representative trace. 

 

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

50,000

KA
F

Range of Lees Ferry Natural Flow Sequences used in the Downscaled 
GCM Projected  Scenario

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

20
11

20
16

20
21

20
26

20
31

20
36

20
41

20
46

20
51

20
56

KA
F

Annual Natural Streamflow - Downscaled GCM Projected



Technical Report B — Water 
Supply Assessment 

 
 

December 2012 B-67 

FIGURE B-46  
Colorado River at Lees Ferry, Arizona Natural Flow Statistics for the Downscaled GCM Projected Scenario as Compared to 
Observed Flow 
Median (line), 25th–75th percentile band (dark shading), 10th–90th percentile band (light shading), max/min (whiskers), and 
1906–2007 observed (blue line). 
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FIGURE B-47 
Cumulative Difference from Simulated Annual Maximum Flow and 25 maf (bar) and Total No. of Years that Exceed 25 maf (dot) 
for Colorado River at Lees Ferry, Arizona for 112 Downscaled Projections for the Period 2011–2060 
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The analysis concluded that it is a rare occurrence for a projection to exceed 25 maf, but the 
potential is prevalent among the ensemble members regardless of emission scenario. The GCMs 
ECHAM5, CCSM, MIROC, and Geophysical Fluid Dynamics Laboratory, however, stood out in 
producing the fewest of these events (see appendix B2).  

Figure B-48 shows the mean annual percent change in natural flow for all 29 locations for four 
future periods as compared to the 50-year historical period of 1950 to 1999. The comparison here 
is not made to the observed 1906 to 2007 period, but rather to the historical VIC-simulated 
period such that any inherent model biases are incorporated in both VIC-simulated periods. The 
future periods reflect the Study period (2011 to 2060) and three 30-year periods extending 
throughout the 21st Century (2011 to 2040, 2041 to 2070, and 2066 to 2095) to provide the time 
evolution of the projected flow changes. 
FIGURE B-48 
Simulated Relative Change in Mean Annual Flows (Ensemble Mean) for the Study Period (2011–2060), and Three Future 
Periods (2011–2040, 2041–2079, and 2066–2095), Compared to 1950–1999 for each of the 29 Natural Flow Locations 

  
 

All locations except the Yampa River, Virgin River, and Bill Williams River are projected to 
experience decreasing annual flows. The Dolores River, White River, San Rafael River, Little 
Colorado River, and San Juan River are projected to experience the largest percentage decrease 
in annual flows (greater than 10 percent). The Green River and upper watershed of the Colorado 
River are projected to experience smaller reductions in streamflow (less than 5 percent). These 
spatial differences in streamflow changes appear to be largely related to the location of the 
watershed in relation to the precipitation pattern changes (more northerly) and the relative 
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elevation differences among watersheds (higher elevation). In general, smaller sub-basins that 
are farther north and at higher elevations (such as the Yampa River) may be expected to have 
increasing flows given projected increases in precipitation. Although precipitation is projected to 
increase in some larger sub-basins at lower elevations (such as the Green River), a decrease in 
flow is projected, possibly a result of the dominant role of increased temperature in these 
regions.  

The implicit assumption made with respect to the SRES emission scenarios used to drive the 
GCMs in the Study is that they are equally likely (or unlikely) and that they can be used in a 
multi-model ensemble. Climate projections through mid-century are dominated by the choice of 
GCM rather than individual emission scenarios. Table B-1 presents the range of projected 
change in Colorado River at Lees Ferry, Arizona streamflow associated with specific SRES 
emission scenarios, as compared to the ensemble of all emission scenarios. VIC simulations 
indicate streamflow reductions for all three SRES emission scenarios, and difference of less than 
2 percent between emission scenario groupings for time periods covered in the Study. These 
results are expected since the climate system responds relatively slowly to changes in emissions. 
By late century, the differences between simulated streamflows across emission scenarios 
become substantially larger, reflecting both the response time of the climate system and the 
higher emissions. During the first period indicated in table B-1, it is noteworthy that the greatest 
streamflow reduction occurs under the A1B scenario. While the GHG emissions in this scenario 
fall between the A2 and B1 scenarios in the distant future, they actually represent the highest 
emission scenario (of the three) through about 2020 (see appendix B2). By the second and third 
periods (mid-century and beyond) the streamflow changes between emission scenarios are more 
intuitive with the general emission pathways.  
TABLE B-1 
Percentage Change in Mean Flow with Respect to Historical Mean (1950–1999) at the Colorado River at Lees Ferry, Arizona  

 2011–2040 2041–2070 2066–2095 2011–2060 

All Projections -5.6 -9.1 -10.5 -6.8 

SRESB1 -5.2 -7.9 -8.0 -6.0 

SRESA1B -6.7 -9.1 -10.5 -7.7 

SRESA2 -4.9 -10.3 -13.2 -6.5 
 
 

While annual flows show decreases and likely some expansion in variability, monthly flows 
exhibit a significant shift in timing. Figure B-49 shows the simulated mean monthly flows 
from the climate projections for the Colorado River at Lees Ferry, Arizona compared to the 
observed monthly flows. Commensurate with the seasonal changes in temperature, precipitation, 
and hydrologic processes, after 2025, the peak streamflow occurs about one month earlier 
(from June through May) and is approximately 500 thousand acre-feet (kaf) lower. In addition, 
increases occur in winter streamflow, while substantial reductions occur in spring and summer. 
The wintertime increases are likely associated with increased precipitation in the Upper Basin, 
while spring and summer decreases are likely associated with earlier melt of the snowpack 
and reduced precipitation patterns. Prior to the mid-century it appears that the transition to  
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FIGURE B-49 
Comparison of Observed and Future Simulated Mean Monthly Flows at Colorado River at Lees Ferry, Arizona  
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earlier runoff is underway with increasing May flows and decreases in June flows, but the 
full monthly shift has not yet occurred. The lower panels of figure B-49 also indicate that there 
is no substantial difference in the monthly timing trends between emission scenarios. 

The inter-annual variability in streamflow is another important component of water supply. 
Deficit statistics using the identical methods as those described for the historical supply were 
computed for each of the 112 climate projections. The 1906 to 2007 observed mean of 15.0 maf 
was used to set the threshold for determining whether the system was in a deficit or surplus. For 
the purpose of this report, “deficit” is defined as a consecutive 2-year period when the mean is 
less than the observed long-term mean of 15.0 maf. Similarly, “surplus” is defined as a 
consecutive 2-year period when the mean is above 15.0 maf. 

Figure B-50 illustrates the frequency and magnitude of both deficit and surplus spells. The inset 
figure shows the frequency occurrence of a specific spell length across all projections. The 
median exceedance probability of a surplus spell longer than 0 years is 30 percent, indicating 
that, when as measured against the 1906 to 2007 mean annual flow of 15 maf, about a third of 
the years in the future would be considered to not be a deficit. In addition, deficit length may 
extend greater than 20 years (indicated by the 90th percentile deficit length), as compared to the 
recent 9-year deficit. Under the Downscaled GCM Projected scenario (at the ensemble median) a 
9-year deficit may occur up to 20 percent of the time and result in a cumulative deficit of 30 to 
40 maf. The recent 9-year deficit is estimated to have a cumulative deficit of more than 28 maf. 
The results also suggest that under some climate projections, sustained periods of dryness will 
occur (deficit lengths greater than 50 years). Most projections result in long-term mean annual 
flows that are less than the 15 maf observed mean. The future climate essentially arrives at a new 
mean state. Thus deficits may need to be evaluated against the projection-specific, long-term 
mean to reflect this new inter-annual variability about the new mean.  

Figure B-51 is identical to figure B-50 except that the threshold for deficit and surplus is 
determined from the projection-specific, long-term mean, rather than the observed mean. The 
drought depiction is considerably different under these conditions. As expected, deficit and 
surplus frequencies are roughly equal. In addition, deficit spell lengths do not exceed 17 years 
and are a maximum of 8 years at the median of the projections. Deficit magnitudes at the 9-year 
deficit remain in the 18 to 40 maf range. Under this perspective, the inter-annual variability is not 
substantially different than the recent observed period, but rather the Downscaled GCM 
Projected means are significantly reduced, leading to the perspective of relatively sustained 
deficit when measured against recent observed flows. There is no absolute correct perspective; 
thus, both methods are presented here. 
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FIGURE B-50 
Simulated Deficit and Surplus Spell Length and Magnitude for All 112 Climate Projections  
(Threshold Defined as 1906–2007 Mean Annual Flow ~15 maf) 
Box plots show the median (dash), 25th–75th percentile band (shading), and max/min (whiskers). 

 
 
FIGURE B-51  
Simulated Deficit and Surplus Spell Length and Magnitude for all 112 Climate Projections (Threshold Defined as Individual 
Projection Mean for 2011–2060) 
Box plots show the median (dash), 25th–75th percentile band (shading), and max/min (whiskers). 
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9.0 Comparison of Future Supply Scenarios 
The water supply assessment described in this report includes four distinct supply scenarios that 
attempt to bracket the range of conditions that might be experienced over the next 50 years. The 
scenarios include direct use of the observed record (Observed Resampled scenario), direct use of 
the paleo reconstructions (Paleo Resampled scenario), blends of observed and paleo sequences 
(Paleo Conditioned scenario), and use of future climate projections and hydrologic modeling 
(Downscaled GCM Projected scenario). Figure B-52 shows the range of annual flows for the 
Colorado River at Lees Ferry, Arizona for each of the scenarios in a four-panel series.  

The Observed Resampled, Paleo Resampled, and Paleo Conditioned scenarios have similar mean 
annual flows and a similar range of annual variability. The Paleo Resampled scenario contains 
individual years of flows lower than Observed Resampled, but a narrower band of variability 
within the inter-quartile range. The Paleo Conditioned scenario, by design, includes a similar 
range of annual flows as the Observed Resampled. The Downscaled GCM Projected scenario 
reflects possible changes in climate beyond what occurred historically and has lower mean 
annual flows while expanding the annual variability range through increased maximum annual 
flows. Mean annual natural flows for the Colorado River at Lees Ferry, Arizona range from 
14.7 to 15.0 maf for the Observed Resampled, Paleo Resampled, and Paleo Conditioned 
scenarios. The Downscaled GCM Projected scenario results in mean annual flows of 
approximately 13.7 maf.  

Each supply scenario includes multiple realizations, resulting in a range of flow statistics. Figure 
B-53 graphically depicts these annual flow statistics. The range of mean flows is greatest under 
the Downscaled GCM Projected scenario, with the inter-quartile range spanning roughly 12.5 to 
15 maf and the absolute range covering 10 to 17 maf. Especially with respect to the use of 
climate projections, the ensemble mean or median should be considered more useful than any 
individual projections. This ensemble mean or median has been shown to perform better than 
any individual projection against a range of historical climate metrics and variability and trend 
significance, largely due to the cancelling out of natural internal GCM model variability and 
cancelling out of individual model errors (see Gleckler et al. [2008], and Pierce et al. [2009], for 
a more-complete discussion of this topic). The Paleo Resampled scenario, despite the large 
absolute range, has a smaller standard deviation than the other scenarios due to the tightness of 
the bulk of the realizations. Skew is a measure of the shape of the annual flow distribution. A 
skew of zero implies a normal distribution, in which wetter years and magnitudes are evenly 
balanced with drier years. Most scenarios have a positive skew, suggesting a bias to the drier side 
of the distribution. This is particularly noticeable in the Downscaled GCM Projected scenario. 
The Paleo Resampled scenario has the highest year-to-year correlation as measured by the 
backward lag-1 correlation. This high degree of correlation is attributable in part to the method 
used to develop the reconstructions. The minimum annual flows are fairly consistent across the 
scenarios, with the Paleo Resampled scenario exhibiting the most extreme low-flow condition. 
The Downscaled GCM Projected scenario exhibits a range of maximum annual flows well 
beyond those seen in any of the other scenarios.  
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FIGURE B-52  
Annual Colorado River at Lees Ferry, Arizona Natural Flow Time Series for Supply Scenarios  
Median in bold black line, inter-quartile range in dark shading, 10th–90th percentile range in light shading, selected individual sequence in bold colored line, max/min as whiskers, 
and 1906–2007 observed max/min (dashed lines). 
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FIGURE B-53  
Summary Statistics for Annual Colorado River at Lees Ferry, Arizona Natural Flows for Supply Scenarios (for 2011–2060)  
Figure shows the median (dash), 25th–75th percentile band (box), and max/min (whiskers). 
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Figure B-54 provides a side-by-side comparison of each of the scenarios over the study horizon 
and the monthly flow range. Again, the Downscaled GCM Projected scenario demonstrates both 
higher high flows and lower low flows, measured as a 5-year average. This range, combined with 
the reduced mean annual natural flows in this scenario, makes the Downscaled GCM Projected 
scenario likely the most challenging supply condition within which to manage the Basin. The 
figure also shows that the monthly variability of the Downscaled GCM Projected scenario is 
significantly larger than any other scenario. This is particularly true in the winter and spring, 
when the Upper Basin hydrologic processes are most active and subject to change under climate 
warming. The shift in peak flow timing from June through May is apparent in figure B-55, and 
becomes more pronounced when analyzing results for the later 30-year time periods (table B-3). 
FIGURE B-54  
Annual Colorado River at Lees Ferry, Arizona 5-Year Natural Flow Time Series (top) and Monthly Variability across Supply 
Scenarios (bottom) (for 2011–2060) 
Figure shows the median (dash), 25th–75th percentile band (box), and max/min (whiskers).  
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FIGURE B-55  
Monthly Colorado River at Lees Ferry, Arizona Natural Flow Variability for Supply Scenarios (for 2011–2060) 
Figure shows the median (dash), 25th–75th percentile band (shading), and max/min (whiskers). 
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The inter-annual variability of streamflow across the scenarios is characterized by determining 
the frequency, duration, and magnitude of deficit and surplus periods. Figure B-56 is a four-
panel figure showing the length and magnitude of such spells. For example, the maximum length 
of sustained deficit through 2007 in the Observed Resampled scenario was 8 years (note that this 
length would be 9 years if the observed record extended through 2010), while the maximum 
sustained surplus is 7 years. In comparison, the Paleo Resampled, Paleo Conditioned, and 
Downscaled GCM Projected scenarios all produce deficit periods of 15 years or longer. The 
maximum deficit accumulated is approximately 60 maf over the 15 years of deficit (both Paleo 
Conditioned and Downscaled GCM Projected scenarios). However, the reduced mean annual 
flow in the Downscaled GCM Projected scenario causes many of the realizations to be in a 
sustained deficit using the recent observed flows as the measure. 
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FIGURE B-56  
Frequency, Duration, and Magnitude of Deficit and Surplus Periods for Supply Scenarios (for 2011–2060)  
Top figures (left to right) are the Observed Resampled and Paleo Resampled scenarios. Bottom figures (left to right) are the Paleo Conditioned and Downscaled GCM Projected 
scenarios. Box plots show the median (dash), 25th–75th percentile band (shading), and max/min (whiskers). 
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Table B-2 summarizes the key statistics for each water supply scenario and generally provides a 
tabular presentation of the information presented in the figures in this section. Similarly, table B-
3 summarizes the annual and monthly statistics for the Downscaled GCM Projected scenario for 
three distinct future periods (2011 to 2040, 2041 to 2070, and 2066 to 2095) to assist in the 
evaluation of temporal trends. It should be noted that the last of these three periods is beyond the 
Study period, but is shown to assist in understanding trajectory of projected changes. Under this 
scenario, mean annual flows are projected to continue to decrease over time (from -7.5 percent 
around 2025 to -10.9 percent around 2055, to -12.4 percent around 2080) as compared to the 
1906 to 2007 mean. At the same time, the shift in peak streamflow timing evolves from a current 
peak in June to an eventual peak in May due to earlier snowmelt and increased rain-to-snow 
ratios in response to warming. 
TABLE B-2 
Summary of Key Streamflow Statistics for Each Water Supply Scenario for the Period 2011–2060 

 

Statistic 

Scenario 

Observed 
Resampled 

Paleo 
Resampled 

Paleo 
Conditioned 

Downscaled 
GCM 

Projected 
Annual 
(Water 
Year) 

Average Annual Flow (maf) 15.0 14.7 14.9 13.7 
Percent Change from Long-Term 
Mean (1906–2007) 

0% -2% -1% -8.7% 

Median (maf) 15.0 14.7 15.0 13.6 
25th Percentile (maf) 14.5 14.3 14.2 12.6 
75th Percentile (maf) 15.5 15.0 15.6 14.9 
Minimum Year Flow (maf) 5.6 2.3 5.6 4.2 
Maximum Year Flow (maf) 25.2 24.3 25.2 44.3 

Monthly Peak Month  June June June June 
Peak Month Mean Flow (kaf) 4,007 3,914 4,000 3,393 
Peak Month Maximum Flow (kaf) 8,467 8,531 8,678 14,693 
Month at Which Half of Annual Flow 
(Water Year) is Exceeded 

June June June June 

Deficit 
Periods1 

Maximum Deficit (maf) 28.2 38.4 98.5 246.1 
Maximum Spell Length (years) 8 17 24 50 
Intensity (Deficit/Length) (maf/year) 
[median] 

3.5 2.3 4.1 7.4 

Frequency of 5+ Year Spell Length 
(Percent) [median] 

22% 30% 25% 48% 

Maximum 8-year Deficit (longest in 
1906–2007 observed record, maf) 

28.2 29.8 50 48.6 

Surplus 
Periods2 

Maximum Surplus (maf) 22.2 36.2 88 74.7 
Maximum Spell Length (years) 7 15 25 19 
Intensity (Surplus/Length) (maf/year) 3.2 2.4 3.5 13.2 
Frequency of 5+ Year Spell Length 
(Percent) 

28% 15% 18% <1% 

Maximum 7-year Surplus (longest in 
1906–2007 observed record, maf) 

22.2 29.2 44 39.2 

1 A deficit period occurs whenever the 2-year running average flow is below the observed average from 1906–2007 of 15.0 maf. 
2 A surplus period occurs whenever the 2-year running average flow is above the observed average from 1906–2007 of 15.0 maf. 
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TABLE B-3 
Summary of Annual and Monthly Streamflow Statistics for the Downscaled GCM Projected Scenario for the 3 Future 30 Year 
Time Periods: 2011–2040 (2025), 2041–2070 (2055), and 2066–2095 (2080)  

 

Statistic 

Downscaled 
GCM 

Projected 
2011–2040 

(2025) 

Downscaled 
GCM 

Projected 
2041–2070 

(2055) 

Downscaled 
GCM 

Projected 
2066–2095 

(2080) 

Annual 
(Water 
Year) 

Average Annual Flow (maf) 13.9 13.4 13.1 

Percent Change from Long-Term Mean 
(1906–2007) -7.5% -10.9% -12.4% 

Median (maf) 13.8 13.3 13.4 

25th Percentile (maf) 12.8 12.0 11.2 

75th Percentile (maf) 15.1 14.6 14.5 

Minimum Year Flow (maf) 4.4 3.9 3.7 

Maximum Year Flow (maf) 43.8 44.3 44.3 

Monthly Peak Month  June May May 

Peak Month Mean Flow (kaf) 3,535 3,388 3,495 

Peak Month Maximum Flow (kaf) 14,693 10,830 12,991 

Month at Which Half of Annual Flow 
(Water Year) is Exceeded June May May 

The last time period is beyond the Study period, but is shown for informational purposes. 

 

10.0 Summary and Limitations 
This report documents the current and future water supply assessment for the Study. The 
research and development program initiated by Reclamation in 2004 resulted in the development 
of the Paleo Resampled and Paleo Conditioned scenarios. These scenarios are described in 
appendix N of the 2007 Interim Guidelines Final EIS (Reclamation, 2007), as is the Observed 
Resampled scenario. The Downscaled GCM Projected scenario is the newest addition to the set 
of scenarios and has not been previously used in any Reclamation long-term planning activities. 
The VIC modeling associated with the projected climate forcings suggests changes in 
streamflows resulting from this scenario are consistent with past efforts, particularly that of 
Christensen and Lettenmaier (2007).  

The streamflow bias correction that has been included in this report compensates for biases in 
climate and hydrologic data as well as for biases in the hydrology model (VIC) structure. This 
step is important for the use of results other than “change” metrics in subsequent analyses. 
However, in evaluating biases and VIC model performance, the need for model calibration at 
finer resolutions is found to be a necessary next step and will reduce the level of bias correction 
needed in the future. Care should be taken in attempting to apply the “raw” VIC results for 
smaller watersheds in the Basin. The improvements in hydrologic model calibration and 
application should parallel progress in climate modeling and methods to develop higher-
resolution climate information. 
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The role of snowpack development and melt, ET, and soil moisture are found to be very 
important in determining the available supply in the Basin. However, limited Basin-wide data are 
available to better understand these dynamics. The elevational sensitivity of snowpack, effect of 
warming and increased carbon dioxide on ET, and the role of summer and fall soil moisture on 
water supply are areas in need of further study. 

In addition, newer GCMs and downscaling techniques will soon be available under the IPCC 
Fifth Assessment Report. The improved resolution and model physics of some of the new GCMs 
may refine patterns of precipitation changes (such as the increases in the Green River Basin and 
Upper Colorado, and monsoonal effects in the Lower Basin).  

11.0 References 
AchutaRao, K. M., and K. R. Sperber. 2002. “Simulation of the El Niño Southern Oscillation: 

Results from the Coupled Model Intercomparison Project.” Climate Dynamics, Vol. 19: 
191-209, DOI 10.1007/s00382-001-0221-9.  

AchutaRao, K. M., and K. R. Sperber. 2006. “ENSO Simulation in Coupled Ocean-Atmosphere 
Models: Are the Current Models Better?” Climate Dynamics, Vol. 27: 1-15, DOI: 
10.1007/s00382-006-0119-7. 

Andreadis, K. M., and D. P. Lettenmaier. 2006. “Trends in 20th-Century Drought over the 
Continental United States.” Geophysical Research Letters, 33, L10403, 
DOI:10.1029/2006GL025711. 

Becker, E.J., E.H. Berbery, and R.W. Higgins. 2011. “Modulation of Cold-Season U.S. Daily 
Precipitation by the Madden–Julian Oscillation.” J. Climate, 24, 5157–5166.  

Bond, N. A., and G.A. Vecchi. 2003. “The influence of the Madden–Julian oscillation on 
precipitation in Oregon and Washington.” Wea. Forecasting, 18, 600–613. 

Bureau of Reclamation (Reclamation). 2007. Colorado River Interim Guidelines for Lower 
Basin Shortages and Coordinated Operations for Lake Powell and Lake Mead Final 
Environmental Impact Statement. 

Bureau of Reclamation (Reclamation). 2011a. Colorado River Natural Flow Data. Retrieved 
from http://www.usbr.gov/lc/region/g4000/NaturalFlow/index.html. 

Bureau of Reclamation (Reclamation). 2011b. Literature Synthesis on Climate Change 
Implications for Water and Environmental Resources.  

Bureau of Reclamation (Reclamation). 2011c. SECURE Water Act Section 9503(c) – 
Reclamation Climate Change and Water 2011.  

Cayan, D.R., T. Das, D.W. Pierce, T.P. Barnett, M. Tyree, and A. Gershunov. 2010. “Future 
dryness in the southwest US and the hydrology of the early 21st century drought.” 
Proceedings of the National Academy of Sciences, 107(50), 21271-21276, 
DOI: 10.1073/pnas.0912391107. 

Cayan, D.R., S.A. Kammerdiener, M.D. Dettinger, J.M. Caprio, and, D.H. Peterson. 2001. 
“Changes in the Onset of Spring in the Western United States.” Bulletin of the American 
Meteorological Society, 82, 399–415. 



Colorado River Basin  
Water Supply and Demand Study 
 
 

B-84 December 2012 

Cayan, D.R., K.T. Redmond, , and L.G. Riddle. 1999. “ENSO and Hydrologic Extremes in the 
Western United States.” Journal of Climate, 12, 2881-2893. 

Christensen, N.S. and D.P. Lettenmaier. 2007. “A Multimodel Ensemble Approach to 
Assessment of Climate Change Impacts on the Hydrology and Water Resources of the 
Colorado River Basin.” Hydrology and Earth System Sciences, 11, 1417–1434. 

Christensen, N.S., A.W. Wood, N. Voisin, D.P. Lettenmaier, and R.N. Palmer. 2004. “The 
Effects of Climate Change on the Hydrology and Water Resources of the Colorado 
River.” Climatic Change, 62, 337–363. 

Clark, M.P., M.C. Serreze, and G.J. McCabe. 2001. “The Historical Effect of El Niño and 
La Niña Events on the Seasonal Evolution of the Mountain Snowpack in the Columbia 
and Colorado River Basins.” Water Resources Research, 37, 741-757. 

Colorado Water Conservation Board. 2010. Colorado River Water Availability Study. Draft 
Report. 

Collins, M., S. An, W. Cai, A. Ganachaud, E. Guilyardi, F. Jin, M. Jochum, M. Lengaigne, 
S. Power, A. Timmermann, G. Vecchi, and A. Wittenberg. 2010. “The Impact of Global 
Warming on the Tropical Pacific Ocean and El Niño.” Nature, 3, 391-397. doi: 
10.1038/ngeo868 

Das, T., D.W. Pierce, D.R. Cayan, J.A. Vano, and D.P. Lettenmaier. 2011. “The Importance of 
Warm Season Warming to Western U.S. Streamflow Changes.” Geophys. Res. Lett., 
DOI: 10.1029/2011GL049660. 

Diaz, H.F., and G.N. Kiladis. 1992. “Atmospheric Teleconnections Associated with the Extreme 
Phases of the Southern Oscillation.” Diaz, H.F., and V.A. Markgraf (eds.). El Niño: 
Historical and Paleoclimatic Aspects of the Southern Oscillation.  

Edwards, L. M., and K.T. Redmond. 2005. “Climate Factors on Colorado River Basin Water 
Supply.” In Colorado River Basin Climate: Paleo, Present, Future. Special publication for 
Association of California Water Agencies and Colorado River Water Users Association 
Conferences, California Department of Water Resources, pp. 14-22. 

Fassnacht, S. R. 2006. “Upper Versus Lower Colorado River Sub-basin Streamflow: 
Characteristics, Runoff Estimation, and Model Simulation.” Hydrological Processes, 20, 
2187–2205. 

Gleckler, P.J., K.E. Taylor, and C. Doutriaux. 2008. “Performance Metrics for Climate Models.” 
Journal of Geophysical Research 46, DOI: 10.1019/2007JD008972.  

Gleick, P.H. 1987. “Climatic changes, water resources, and institutional responses: A look at the 
United States, Mexico, and the Colorado River.” In the Proceedings of the Symposium on 
Climatic Change in the Southern United States: Future Impacts and Present Policy Issues 
(May 28-29, 1987). U.S. Environmental Protection Agency/University of Oklahoma. pp. 
450–465. 

Groisman, P. Ya., R.W. Knight, and T.R. Karl. 2001. “Heavy Precipitation and High Streamflow 
in the Contiguous United States: Trends in the Twentieth Century.” Bulletin of the 
American Meteorological Society, 82, 219–246. 



Technical Report B — Water 
Supply Assessment 

 
 

December 2012 B-85 

Gutzler, D.S., H.K Kim, R.W. Higgins, H. Juang, M. Kanamitsu, K. Mitchell, K. Mo, P. Pegion, 
E. Ritchie, J.K. Schemm, S. Schubert, Y. Song, and R. Yang. 2005. “The North 
American Monsoon Model Assessment Project: Integrating numerical modeling into a 
field-based process study.” Bulletin of the American Meteorological Society 86: 1423–
1429. 

Hamlet, A.F., and D.P. Lettenmaier. 1999. “Effects of climate change on hydrology and water 
resources objectives in the Columbia River Basin.” Journal of the American Water 
Resources Association, 35(6),pp.1597-1625. 

Hamlet, A. F., P.W. Mote, M.P. Clark, and D.P. Lettenmaier. 2005. “Effects of Temperature and 
Precipitation Variability on Snowpack Trends in the Western United States.” Journal of 
Climate, 18, 4545–4561. 

Hamlet, A.F, E.P. Salathé, and P. Carrasco. 2010. Statistical Downscaling Techniques for Global 
Climate Model Simulations of Temperature and Precipitation with Application to Water 
Resources Planning Studies.  

Hidalgo, H., T. Piechota, and J. Dracup. 2009. “Alternative Principal Components Regression 
Procedures for Dendrohydrologic Reconstructions.” Water Resources Research, Vol. 45, 
W06417, DOI:10.1029/2008WR007201. 

Hirschboeck, K.K., Meko, D.M. 2005. A Tree-Ring Based Assessment of Synchronous Extreme 
Streamflow Episodes in the Upper Colorado & Salt-Verde-River Basins – Final Report. 

Hoerling, H., D.P. Lettenmaier, D. Cayan, and B. Udall. 2009. “Reconciling Projections of 
Colorado River Streamflow.” Southwest Hydrology. May/June.  

Hu, Q., and S. Feng. 2010. “Influence of the Arctic oscillation on central United States summer 
rainfall.” J. Geophys. Res., 115, D01102. DOI: 10.1029/2009JD011805. 

Intergovernmental Panel on Climate Change (IPCC). 2000. Emissions Scenarios. Special Report of 
the Intergovernmental Panel on Climate Change [Nakicenovic, N., and R. Swart (eds.)]. 

Intergovernmental Panel on Climate Change (IPCC). 2007. Climate Change 2007: The Physical 
Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change [Solomon, S., D. Quin, M. Manning, Z., 
Chen, M. Marquis, K.B. Averyt, , M. Tignor, and H.L. Miller. (eds.)]. 

Lee, T., J.D. Salas, and J. Keedy. 2006. Simulation Study for the Colorado River System Utilizing 
a Disaggregation Model.  

Liang, X., D.P. Lettenmaier, and E.F. Wood. 1996. Surface Soil Moisture Parameterization of 
the VIC-2L Model: Evaluation and Modification. 

Liang, X., D.P. Lettenmaier, E.F. Wood, and S.J. Burges. 1994. “A Simple Hydrologically Based 
Model of Land Surface Water and Energy Fluxes for General Circulation Models.” 
Journal of Geophysical Research, Vol. 99, 14415–14428. 



Colorado River Basin  
Water Supply and Demand Study 
 
 

B-86 December 2012 

Lin, J., B.E. Mapes, K.M. Weickmann, G.N. Kiladis, S.D. Schubert, M.J. Suarez, J.T. 
Bacmeister, and M. Lees. 2008. “North American monsoon and convectively coupled 
equatorial waves simulated by IPCC AR4 Coupled GCMs.” J. Climate,  
21:2919–2937. 

Lohmann, D., R. Nolte-Holube, and E. Raschke. 1996: “A large-scale horizontal routing model 
to be coupled to land surface parameterization schemes.” Tellus, 48, 708–721. 

Lohmann, D., E. Raschke, B. Nijssen, and D.P. Lettenmaier. 1998. “Regional Scale Hydrology: 
I. Formulation of the VIC-2L Model Coupled to a Routing Model.” Hydrological 
Sciences Journal, 43, 131–141. 

Maurer, E. P., L. Brekke, T. Pruitt, and P.B. Duffy. 2007. “Fine-Resolution Climate Projections 
Enhance Regional Climate Change Impact Studies.” Eos, Transactions, American 
Geophysical Union, 88 (47), 504. 

Maurer, E.P. 2007. “Uncertainty in hydrologic impacts of climate change in the Sierra Nevada, 
California under two emissions scenarios.” Climatic Change, Vol. 82, No. 3-4, 309-325, 
DOI: 10.1007/s10584-006-9180-9. 

Maurer, E.P., A.W. Wood, J.C. Adam, D.P. Lettenmaier, and B. Nijssen. 2002. “A Long-Term 
Hydrologically-Based Data Set of Land Surface Fluxes and States for the Conterminous 
United States.” Journal of Climate, 15(22), 3237-3251. 

McCabe, G.J., D.M. Wolock. 1999a. “General circulation model simulations of future snowpack 
in the western United States.” Journal of the American Water Resources Association, 
Vol. 35, 1473–1484.  

McCabe, G.J., D.M. Wolock. 1999b. “Estimates of runoff using water-balance and atmospheric 
general circulation models” [abst.]. Journal of the American Water Resources 
Association, Vol. 35(6), 1341–1350. 

McCabe, G.J., D.M. Wolock. 2002. “A Step Increase in Streamflow in the Conterminous United 
States.” Geophysical Research Letters, 29, 2185, DOI:10.1029/2002GL015999. 

McCabe, G.J., M.A. Palecki, and J.L. Betancourt. 2004. “Pacific and Atlantic Ocean Influences 
on Multi-Decadal Drought Frequency in the United States.” Proceedings of the National 
Academy of Sciences, 101, 4136–4141. 

Meko, D.M., C.A. Woodhouse, C.A. Baisan, T. Knight, J.J. Lukas, M.K. Hughs, and M.W. 
Salzer. 2007. “Medieval Drought in the Upper Colorado River Basin.” Geophysical 
Research Letters, 34(5), L10705, DOI: 10.1029/2007GL029988. 

Miller, W.P., and T.C. Piechota. 2008. “Regional Analysis of Trend and Step Changes Observed 
in Hydroclimatic Variables around the Colorado River Basin.” Journal of 
Hydrometeorology, 9(5), 1020, DOI:10.1175/2008JHM988.1. 

Mo, K.C., J.E. Schemm, and S. Yoo. 2009. “Influence of ENSO and the Atlantic Multi-Decadal 
Oscillation on Drought over the United States.” Journal of Climate, 22(22), 5962–5982, 
DOI:10.1175/2009JCLI2966.1. 

Mote, P.W. 2003. “Trends in snow water equivalent in the Pacific Northwest and their climatic 
causes.” Geophys. Res. Lett., 30(12), 1601, DOI:10.1029/2003GL017258.  



Technical Report B — Water 
Supply Assessment 

 
 

December 2012 B-87 

Mote, P. W. 2006. “Climate-Driven Variability and Trends in Mountain Snowpack in Western 
North America.” Journal of Climate, 19, 6209–6220. 

Mote, P.M. Clark, and A. Hamlet. 2008. “Variability and Trends in Mountain Snowpack in 
Western North America.” 20th Conference on Climate Variability and Change. American 
Meteorological Society. New Orleans, Louisiana. 

Mote, P.W., A.F. Hamlet, M.P. Clark, and D.P. Lettenmaier. 2005. “Declining Mountain 
Snowpack in Western North America.” Bulletin of the American Meteorological Society, 
86, 39–49. 

Nash, L.L., and P.H. Gleick. 1991. “The sensitivity of streamflow in the Colorado Basin to 
climatic changes.” Journal of Hydrology, Vol. 125, 221–241. 

Nash, L., and P. Gleick. 1993. The Colorado River Basin and Climatic Change: The Sensitivity 
of Streamflow and Water Supply to Variations in Temperature and Precipitation. U.S. 
Environmental Protection Agency. EPA230-R-93-009. 

National Oceanic and Atmospheric Administration (NOAA). 2011. Retrieved June 30, 2011, 
from http://www.ncdc.noaa.gov/oa/ climate/normals/usnormals.html. 

National Research Council (NRC). 2007. Colorado River Basin Water Management: Evaluating 
and Adjusting to Hydroclimatic Variability. 

Nijssen, B., D.P. Lettenmaier, X. Liang, S.W. Wetzel, and E.F. Wood. 1997. “Streamflow 
simulation for continental-scale river basins.” Water Resource Research, 33, 711–724. 

Nowak, K., J. Prairie, B. Rajagopalan, and U. Lall. 2010. “A nonparametric stochastic approach 
for multisite disaggregation of annual to daily streamflow.” Water Resources Research, 46. 

Ouarda, T., J.W. Labadie, and D.G. Fontane.1997. “Index sequential hydrologic modeling for 
hydropower capacity estimation.” J. of the American Water Resources Association, 33(6), 
1337–1349. 

Pagano, T., and D. Garen. 2005. “A Recent Increase in Western U.S. Streamflow Variability and 
Persistence.” Journal of Hydrometeorology, 6, 173–179. 

Painter, T.H., J.S. Deems, J. Belnap, A.F. Hamlet, C.C. Landry, and B. Udall. 2010. “Response 
of Colorado River runoff to dust radiative forcing in snow.” Proceedings of the National 
Academy of Sciences on Climate Change and Water in Southwestern North America. 

Pederson, G.T. , S.T. Gray, C.A.Woodhouse, J.L. Betancourt, D.B. Fagre, J.S. Littell, E. Watson, 
B.H. Luckman, L.J. Graumlich. 2011. “The Unusual Nature of Recent Snowpack 
Declines in the North American Cordillera.” Science, 333, 332 (2011). 

Piechota, T. C., J. Timilsena, G.A. Tootle, and H. Hidalgo. 2004. “The Western U.S. Drought: 
How Bad is it?” Eos, Transactions, American Geophysical Union, 85, 301–308. 

Pierce, D.W., T.P. Barnett, B.D. Santer, and P.J. Gleckler. 2009. “Selecting Global Climate 
Models for 12 Regional Climate Change Studies.” Proceedings of the National Academy 
of Sciences. 

Prairie, J., K. Nowak, B. Rajagopalan, U. Lall, and T. Fulp. 2008. “A Stochastic Nonparametric 
Approach for Streamflow Generation Combining Observational and Paleoreconstructed 
Data.” Water Resources Research, Vol. 44, W06423, DOI: 10.1029/2007WR006684. 

http://www.ncdc.noaa.gov/oa/%20climate/normals/usnormals.html


Colorado River Basin  
Water Supply and Demand Study 
 
 

B-88 December 2012 

Redmond, K.T., and R.W. Koch. 1991. “Surface Climate and Streamflow Variability in the 
Western United States and Their Relationship to Large-Scale Circulation Indices.” Water 
Resources Research, 27, 2381–2399. 

Regonda, S.K., B. Rajagopalan, M.P. Clark, and J. Pitlick. 2005. “Seasonal Shifts in 
Hydroclimatology over the Western United States.” Journal of Climate, 18, 372–384. 

Sabo, J.L., S. Tushar, L.C. Bowling, G.H.W. Schoups, W.W. Wallender, M.E. Campana, K.A. 
Cherkauer, P.E. Fuller, W.L. Graf, J.W. Hopmans, J.S. Kominoski, C. Taylor, S.W. 
Trimble, R.H. Webb, and E.E. Wohl. 2010. “Climate Change and Water in Southwestern 
North America Special Feature: Reclaiming freshwater sustainability in the Cadillac 
Desert.” Proc Natl Acad Sci, 107:21263–21270. 

Salathé, E.P. 2005. “Downscaling simulations of future global climate with application to 
hydrologic modeling.” Int J Climatol, 25, 419–436.  

Seager, R. and G.A. Vecchi. 2010. “Greenhouse warming and the 21st century hydroclimate of 
southwestern North America.” Proc Natl Acad Sci, 107, 21277–21282. 

Stockton, C.W., and G.C. Jacoby. 1976. “Long-term Surface Water Supply and Streamflow 
Trends in the Upper Colorado River Basin.” Lake Powell Research Project Bulletin, No. 
18. 

Webb, R.H., and J.L. Betancourt. 1992. Climatic Variability and Flood Frequency of the Santa 
Cruz River, Pima County, Arizona. U.S. Geological Survey. Water-Supply Paper 2379.  

Wilby, R.L., L.E. Hay, and G.H. Leavesley. 1999. “A comparison of downscaled and raw GCM 
output: implications for climate change scenarios in the San Juan River Basin, Colorado.” 
Journal of Hydrology, 225, 67–91. 

Wood, A.W., E.P. Maurer, A. Kumar, and D.P. Lettenmaier. 2002. “Long-Range Experimental 
Hydrologic Forecasting for the Eastern United States.” Journal of Geophysical Research-
Atmospheres, 107(D20), 4429. 

Wood, A.W., L.R. Leun, V. Sridhar, and D.P. Lettenmaier. 2004. “Hydrologic Implications of 
Dynamical and Statistical Approaches to Downscaling Climate Model Outputs.” Climatic 
Change, 15(62):189–216. 

Woodhouse, C.A., and P.M. Brown. 2001. “Tree-ring evidence for Great Plains drought.” Tree-
Ring Research, 57:89–103. 

Woodhouse, C.A., and J.J. Lukas. 2006. “Multi-Century Tree-Ring Reconstructions of Colorado 
Streamflow for Water Resource Planning.” Climatic Change, 78, 293–315. 

Woodhouse, C.A., S. Gray, and D. Meko 2006. “Updated Streamflow Reconstructions for the 
Upper Colorado River Basin.” Water Resources Research, 42(5), W05415, DOI: 
10.1029/2005WR004455. 

Woodhouse, C.A., D.M. Meko, G.M. MacDonald., D.W. Stahle, and E.R. Cook. 2010. “A 1,200-
year perspective of 21st century drought in southwestern North America.” Proc Natl 
Acad Sci, 107, 21283–21288. 

World Meteorological Organization. 2011. Retrieved 
from http://www.wmo.int/pages/index_en.html. 

http://www.wmo.int/pages/index_en.html


Technical Report B — Water 
Supply Assessment 

 
 

December 2012 B-89 

Yeh, S., and B.P. Kirtman. 2007. “ENSO Amplitude Changes Due To Climate Change 
Projections In Different Coupled Models.” Journal of Climate, 20(2), 203. 
DOI:10.1175/Jcli4001.1. 

Yeh, S-W, J.S. Kug, B. Dewitte, M.H. Kwon, B.P. Kirtman, and F.F. Jin. 2009. “El Niño in a 
Changing Climate.” Nature, 461:511-U570. 

 

 
 
 





Technical Report B — Water 
Supply Assessment 

 
 

December 2012 B-91 

Disclaimer 
The Colorado River Basin Water Supply and Demand Study (Study) is funded jointly by the Bureau of 
Reclamation (Reclamation) and the seven Colorado River Basin States (Basin States). The purpose of 
the Study is to analyze water supply and demand imbalances throughout the Colorado River Basin and 
those adjacent areas of the Basin States that receive Colorado River water through 2060; and develop, 
assess, and evaluate options and strategies to address the current and projected imbalances.  
Reclamation and the Basin States intend that the Study will promote and facilitate cooperation and 
communication throughout the Basin regarding the reliability of the system to continue to meet Basin 
needs and the strategies that may be considered to ensure that reliability. Reclamation and the Basin 
States recognize the Study was constrained by funding, timing, and technological and other limitations, 
and in some cases presented specific policy questions and issues, particularly related to modeling 
and interpretation of the provisions of the Law of the River during the course of the Study. In such 
cases, Reclamation and the Basin States developed and incorporated assumptions to further complete 
the Study. Where possible, a range of assumptions was typically used to identify the sensitivity of the 
results to those assumptions. 
Nothing in the Study, however, is intended for use against any Basin State, any federally recognized 
tribe, the federal government or the Upper Colorado River Commission in administrative, judicial or 
other proceedings to evidence legal interpretations of the Law of the River. As such, assumptions 
contained in the Study or any reports generated during the Study do not, and shall not, represent a legal 
position or interpretation by the Basin States, any federally recognized tribe, federal government or 
Upper Colorado River Commission as it relates to the Law of the River. Furthermore, nothing in the 
Study is intended to, nor shall the Study be construed so as to, interpret, diminish or modify the rights 
of any Basin State, any federally recognized tribe, the federal government, or the Upper Colorado River 
Commission under federal or state law or administrative rule, regulation or guideline, including without 
limitation the Colorado River Compact (45 Stat. 1057), the Upper Colorado River Basin Compact (63 
Stat. 31), the Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande, Treaty 
Between the United States of America and Mexico (Treaty Series 994, 59 Stat. 1219), the United 
States/Mexico agreement in Minute No. 242 of August 30, 1973 (Treaty Series 7708; 24 UST 1968), or 
Minute No. 314 of November 26, 2008, or Minute No. 318 of December 17, 2010, or Minute No. 319 
of November 20, 2012, the Consolidated Decree entered by the Supreme Court of the United States in 
Arizona v. California (547 U.S 150 (2006)), the Boulder Canyon Project Act (45 Stat. 1057), the 
Boulder Canyon Project Adjustment Act (54 Stat. 774; 43 U.S.C. 618a), the Colorado River Storage 
Project Act of 1956 (70 Stat. 105; 43 U.S.C. 620), the Colorado River Basin Project Act of 1968 
(82 Stat. 885; 43 U.S.C. 1501), the Colorado River Basin Salinity Control Act (88 Stat. 266; 43 
U.S.C. 1951) as amended, the Hoover Power Plant Act of 1984 (98 Stat. 1333), the Colorado River 
Floodway Protection Act (100 Stat. 1129; 43 U.S.C. 1600), the Grand Canyon Protection Act of 1992 
(Title XVIII of Public Law 102-575, 106 Stat. 4669), or the Hoover Power Allocation Act of 2011 
(Public Law 112-72). In addition, nothing in the Study is intended to, nor shall the Study be construed 
so as to, interpret, diminish or modify the rights of any federally recognized tribe, pursuant to 
federal court decrees, state court decrees, treaties, agreements, executive orders and federal trust 
responsibility. Reclamation and the Basin States continue to recognize the entitlement and right of 
each State and any federally recognized tribe under existing law, to use and develop the water of the 
Colorado River system. 
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Appendix B1 — Water Supply Sub-Team 
Members 

The information presented in Technical Report B – Water Supply Assessment is the outcome of a 
collaborative process involving representatives of numerous organizations.  

A list of Water Supply Sub-Team members and their affiliations is presented below.  

• Carly Jerla, Bureau of Reclamation  
• Chuck Cullom, Central Arizona Project  
• Tapash Das, CH2M HILL 
• Armin Munévar, CH2M HILL 
• Jerry Zimmerman, Colorado River Board of California  
• Robert Kirk, Navajo Nation  
• John Whipple, New Mexico Interstate Stream Commission  
• Mike Roberts, The Nature Conservancy 
• John Gerstle, Trout Unlimited 
• Steve Cullinan, U.S. Fish and Wildlife Service  
• Robert King, Utah Division of Natural Resources 

 
Additional support in the form of supplemental analysis, review, and information was provided 
by those listed below.  

• Ben Harding, AMEC Earth & Environmental 
• Ken Nowak, Bureau of Reclamation  
• Jim Prairie, Bureau of Reclamation 
• Levi Brekke, Bureau of Reclamation’s Technical Service Center 
• Subhrendu Gangopadhyay, Bureau of Reclamation’s Technical Service Center  
• Tom Pruitt, Bureau of Reclamation’s Technical Service Center 
• Joe Barsugli, University of Colorado and the National Oceanic and Atmospheric 

Administration 
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Appendix B2 — Supplemental  
Water Supply Data and Methods 

This appendix provides supplemental information related to the water supply data and methods 
discussed in the Technical Report. As discussed in the Technical Report, the assessment of 
historical and future supply conditions focused on four main groups of water supply indicators: 
climate, hydrologic processes, climate teleconnections, and streamflow. Although the primary 
indicator of water supply in the Colorado River Basin (Basin) is streamflow, a fundamental 
understanding of the processes that influence the quantity, location, and timing of streamflow is 
beneficial. Additional detail on the methods used to assess these indicators for water supply is 
supplied in this appendix. 

Table B2-1 summarizes the water supply indicators evaluated as part of the Water Supply 
Assessment. In addition, the table provides the relevance of the particular parameter for the 
Colorado River Basin Water Supply and Demand Study (Study), temporal and spatial scales 
considered, and analysis methods. Table B2-2 summarizes the data sources considered in the 
evaluation of each of the water supply indicators. The subsequent sections provide further detail 
on the data and methods under each of the four water supply indicator groups. 

TABLE B2-1 
Summary of the Water Supply Indicators for the Water Supply Assessment 

Water Supply 
Indicator Relevance 

Temporal 
Scale Spatial Scale 

Method of 
Analysis 

Method of 
Display 

CLIMATE 

Temperature Identification of trends in 
climate patterns 

Monthly, 
Seasonal, 
Annual, 
Decadal  

Grid cell, Select 
Watersheds, 
and Basin-wide 

Statistical 
analysis of 
trends and 
variability 

Spatial 
analysis and 
visualization 

Precipitation Identification of trends in 
climate patterns 

Monthly, 
Seasonal, 
Annual, 
Decadal  

Grid cell, Select 
Watersheds, 
and Basin-wide 

Statistical 
analysis of 
trends and 
variability 

Spatial 
analysis and 
visualization 

HYDROLOGIC PROCESSES 

Runoff  Identification of changes 
in runoff processes; 
identification of 
"productive" watersheds 

Monthly, 
Seasonal, 
Annual, 
Decadal  

Grid cell, Select 
Watersheds, 
and Basin-wide 

Calculated as 
unit runoff; 
statistics to be 
generated 

Spatial 
analysis and 
visualization 

Evapotrans-
piration (ET)  

Identification of changes 
in natural losses; 
identification of "water 
stressed" watersheds 

Monthly, 
Seasonal, 
Annual, 
Decadal  

Grid cell, Select 
Watersheds, 
and Basin-wide 

Calculated as 
unit actual ET; 
statistics to be 
generated 

Spatial 
analysis and 
visualization 
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TABLE B2-1 
Summary of the Water Supply Indicators for the Water Supply Assessment 

Water Supply 
Indicator Relevance 

Temporal 
Scale Spatial Scale 

Method of 
Analysis 

Method of 
Display 

Snowpack 
Accumulation 
and Snowmelt 

Identification of spatial 
changes in snowpack 
development and timing 
of melt 

Monthly, 
Seasonal, 
Annual, 
Decadal  

Grid cell, Select 
Watersheds, 
and Basin-wide 

Calculated as 
unit snow 
water 
equivalent 
(SWE); peak 
and timing 

Spatial 
analysis and 
visualization 

Soil Moisture Identification of causes of 
drought and severe drying 
conditions; identification 
of watersheds most 
impacted 

Monthly, 
Seasonal, 
Annual, 
Decadal  

Grid cell, Select 
Watersheds, 
and Basin-wide 

Calculated as 
percentage of 
maximum 

Spatial 
analysis and 
visualization 

CLIMATE TELECONNECTIONS 

El Niño – 
Southern 
Oscillation 
(ENSO) 

Identify changes in 
teleconnections and 
influence on regional 
climate; identify 
relationship between long-
term and shorter-term 
climate indices 

Season, 
Annual, 
Decadal 

Global/ 
Regional  

Statistical 
analysis of 
correlation 
between 
indicator and 
streamflow 

Correlation 
plots and 
statistics 

Pacific Decadal 
Oscillation 
(PDO) 

Identify changes in 
teleconnections and 
influence on regional 
climate; identify 
relationship between long-
term and shorter-term 
climate indices 

Annual, 
Decadal 

Global/ 
Regional  

Statistical 
analysis of 
correlation 
between 
indicator and 
streamflow 

Correlation 
plots and 
statistics 

Atlantic Multi-
decadal 
Oscillation 
(AMO) 

Identify changes in 
teleconnections and 
influence on regional 
climate; identify 
relationship between long-
term and shorter-term 
climate indices 

Annual, 
Decadal 

Global/ 
Regional  

Qualitative 
discussion 

Qualitative 
discussion 

STREAMFLOW 

Intervening and 
Total Natural 
Flows at 29 
Basin Locations 

Identification of changes 
in streamflow trends and 
variability 

Monthly; 
Annual; 1-, 
3-, 5-, 10-
year; and 
multi-
decadal  

Accumulated 
Flow at Point 

Statistical 
analysis of 
trends and 
variability; 
drought and 
surplus 
statistics 

Table and 
box-whisker 
of statistics, 
Basin-scale 
maps 
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TABLE B2-2 
Sources of Data Used for the Water Supply Assessment 

Parameter Description Data Source 

CLIMATE INDICATORS 

Historical Temperature 
and Precipitation 

Historical gridded temperature and 
precipitation at 1/8th-degree resolution for 
the period of 1950–1999. Extension through 
2005 was not documented. 

Maurer et al., 2002 
(http://www.engr.scu.edu/~emaurer/ 
data.shtml) 

Future Temperature and 
Precipitation Projections 

A total of 112 future monthly temperature 
and precipitation projections based on 
Intergovernmental Panel on Climate Change 
(IPCC) Fourth Assessment Report (IPCC, 
2007) emission scenarios, subsequently bias 
corrected, and statistically downscaled to 
1/8th-degree resolution for the period of 
1950–2099. 

Maurer et al., 2007  
(http://gdo-dcp.ucllnl.org/
downscaled_cmip3_projections/) 

HYDROLOGIC PROCESS INDICATORS 

ET, Runoff, SWE, Soil 
Moisture 

Variable Infiltration Capacity (VIC)-simulated 
hydrologic fluxes and grid cell storage terms 
driven by observed climatology (1950–2005) 
and 112 future climate projections (1950–
2099). 

Bureau of Reclamation (Reclamation), 
2011 

Snowpack Point snow water equivalent from late 1970s 
to present from the snow-telemetry 
(SNOTEL) network. 

National Resources Conservation 
Service, 2011 
(http://www.wcc.nrcs.usda.gov/snow/) 

TELECONNECTION INDICATORS 

ENSO Monthly Southern Oscillation Index (SOI) for 
January 1866 through March 2010. 

University of East Anglia Climatic 
Research Unit , 2010 
(http://www.cru.uea.ac.uk/cru/data/soi/) 

PDO Monthly PDO indices for January 1900 
through January 2010. 

Joint Institute for the Study of the 
Atmosphere and Ocean, 2010 
(http://jisao.washington.edu/pdo/) 

STREAMFLOW INDICATORS 

Observed Streamflow 
used in the Observed 
Resampled Scenario 

Natural streamflow for the period of 1906–
2007 for the 29 streamflow locations 
commonly used for Reclamation planning.  

Prairie and Callejo, 2005; Reclamation, 
2010 

Paleo Reconstructed 
Streamflow used in the 
Paleo Resampled 
Scenario 

Reconstructed natural streamflows for the 
period 762–2005 at 29 locations derived 
from ecologically contrasting tree-ring sites 
in the southern Colorado Plateau during the 
past 2 millennia.  

Reclamation, 2010; Meko et al., 2007 

Paleo Conditioned 
Streamflow used in the 
Paleo Conditioned 
Scenario 

Blended paleo streamflow states with 
observed streamflow magnitudes at 29 
locations. 

Prairie et al., 2008 

Future Streamflow 
Projections used in the 
Downscaled General 
Circulation Model (GCM) 
Projected Scenario 

VIC-simulated runoff and routed streamflow 
at 29 locations driven by 112 future climate 
projections for the period 1950–2099. 

Reclamation, 2011 
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1.0 Climate 
1.1 Historical Climate 
Gridded observed climate data for the period from 1950 to 1999, as developed by Maurer et al. 
(2002), were downloaded via the Internet from Santa Clara University 
(http://www.engr.scu.edu/~emaurer/data.shtml). The data are stored in network common data 
format (netCDF) at 1/8th-degree resolution and contain daily temperature (minimum and 
maximum), precipitation, and wind speed values for the contiguous United States. Subsequent to 
the Maurer et al. (2002) data, the gridded dataset was extended to 2005 using identical methods. 
The temperature and precipitation data were processed into monthly average temperature and 
monthly total precipitation to facilitate comparisons. The monthly, seasonal, and annual statistics 
were computed for each parameter and for each grid cell for the period 1971 to 2000 to facilitate 
comparisons to projected future conditions. This 1971 to 2000 historical base period was selected 
as the most current 30-year climatological period at the time of the Study, as described by the 
National Oceanic and Atmospheric Administration (NOAA) (2010), and was used as the basis 
for comparing to future climate projections1.  

1.2 Projections of Future Climate  
Future climate change projections are made primarily on the basis of General Circulation Model 
(GCM) simulations under a range of future emission scenarios. A total of 112 future climate 
projections used in the IPCC Fourth Assessment Report, subsequently transformed to a local scale 
through bias correction and spatial downscaling (BCSD), were obtained from the Lawrence 
Livermore National Laboratory under the World Climate Research Program’s (WCRP) Coupled 
Model Intercomparison Project Phase 3 (CMIP3). This archive contains climate projections 
generated from 16 different GCMs developed by national climate centers and for Special Report 
on Emissions Scenarios emission scenarios A2, A1B, and B1. These projections have been bias 
corrected and spatially downscaled to 1/8th-degree (~12-kilometer) resolution over the contiguous 
United States through methods described in detail in Wood et al. (2002; 2004) and Maurer (2007).  

1.2.1 Emission Scenarios  
In 2000, IPCC published the SRES scenarios that described a family of six emission scenarios to 
condition GCMs (IPCC, 2000). The emissions scenarios are defined by alternative future 
development pathways, covering a wide range of demographic, economic, and technological 
driving forces and resulting greenhouse gas (GHG) emissions. The GHG emissions associated 
with each scenario are shown in figure B2-1.  

                                                      
1 A new 30-year historical base period (1981 to 2010) was issued by NOAA on July 1, 2011. 
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FIGURE B2-1 
Scenarios for GHG Emissions from 2000–2100 in the Absence of Additional Climate Policies 
Units on the y-axis are billon tons of total annual emissions in equivalent carbon dioxide units. 

 
Source: (IPCC, 2007) 

 

Of the six emission scenarios included in the IPCC Fourth Assessment Report (IPCC, 2007), 
three were selected to drive the CMIP3 multi-model dataset—A2 (high), A1B (medium), and B1 
(low). The A2 scenario is representative of high population growth, slow economic development, 
and slow technological change. It is characterized by a continuously increasing rate of GHG 
emissions and features the highest annual emissions rates of any scenario by the end of the 21st 
Century. The A1B scenario features a global population that peaks mid-century and rapid 
introduction of new and more-efficient technologies balanced across both fossil- and non-fossil-
intensive energy sources. As a result, GHG emissions in the A1B scenario peak around mid-
century. Lastly, the B1 scenario describes a world with rapid changes in economic structures 
toward a service and information economy. GHG emission rates in this scenario peak prior to 
mid-century and are generally the lowest of the scenarios. The best estimates of global 
temperature change during the 21st Century for each of the A2, A1B, and B1 scenarios are 3.4, 
2.8, and 1.8 degrees Celsius (°C), respectively2 (IPCC, 2007) as shown in Figure B2-2.  

                                                      
2 Temperature change reflects the difference between the global average in the 2090 to 2099 period relative to the global average in the 1980 to 

1999 period. 
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FIGURE B2-2 
Projections of Surface Temperatures for the Selected GHG Emissions Scenarios from 2000–2100 

 
Source: (IPCC, 2007) 

1.2.2 General Circulation Models  
The CMIP3 multi-model dataset consists of 112 unique climate projections. Sixteen GCMs were 
coupled with the three emissions scenarios described previously to generate these projections. 
Many of the GCMs were simulated multiple times for the same emission scenario due to 
differences in starting climate system state or initial conditions, so the number of available 
projections is greater than simply the product of GCMs and emission scenarios. Table B2-3 
summarizes the GCMs, initial conditions (specified by the run numbers in the A2, A1B, and B1 
columns), and emissions scenario combinations (A2, A1B, and B1) featured in the CMIP3 
dataset. Initial conditions (initial atmosphere and ocean conditions used in a GCM simulation) for 
the 21st Century are defined by the 20th Century “control” simulation. A description of the 
20th Century “control” simulations corresponding to each GCM simulation in table B2-3 can be 
found at http://www-pcmdi.llnl.gov/ipcc/standard_output.html#Experiments. 
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TABLE B2-3 
WCRP CMIP3 Multi-Model Dataset GCMs, Initial Conditions, and Emissions Scenarios 

Modeling Group, Country 
WCRP  

CMIP3 I.D. A2 A1B B1 
Primary 

Reference  

Bjerknes Center for Climate Research, Norway  BCCR-
BCM2.0 

1 1 1 Furevik et al., 
2003 

Canadian Center for Climate Modeling and Analysis, 
Canada 

CGCM3.1 
(T47) 

1...5 1...5 1...5 Flato and Boer, 
2001 

Meteo-France/Center National de Recherches 
Meteorologiques, France 

CNRM-CM3 1 1 1 Salas-Melia et 
al., 2005 

CSIRO Atmospheric Research, Australia CSIRO-
Mk3.0 

1 1 1 Gordon et al., 
2000 

U.S. Dept. of Commerce/NOAA/Geophysical Fluid 
Dynamics Laboratory, United States 

GFDL-
CM2.0 

1 1 1 Delworth et al., 
2006 

U.S. Dept. of Commerce/NOAA/Geophysical Fluid 
Dynamics Laboratory, United States 

GFDL-
CM2.1 

1 1 1 Delworth et al., 
2006 

National Aeronautics and Space 
Administration/Goddard Institute for Space Studies, 
United States 

GISS-ER 1 2, 4 1 Russell et al., 
2000 

Institute for Numerical Mathematics, Russia INM-CM3.0 1 1 1 Diansky and 
Volodin, 2002 

Institut Pierre Simon Laplace, France IPSL-CM4 1 1 1 Institut Pierre 
Simon Laplace, 
2005 

Center for Climate System Research (The University 
of Tokyo), National Institute for Environmental 
Studies, and Frontier Research Center for Global 
Change, Japan 

MIROC3.2 
(medres) 

1...3 1...3 1...3 K-1 Model 
Developers, 
2004 

Meteorological Institute of the University of Bonn, 
Germany and Institute of Korea Meteorological 
Administration, Korea  

ECHO-G 1...3 1...3 1...3 Legutke and 
Voss, 1999 

Max Planck Institute for Meteorology, Germany ECHAM5/ 
MPI-OM 

1...3 1...3 1...3 Jungclaus et 
al., 2006 

Meteorological Research Institute, Japan MRI-
CGCM2.3.2 

1...5 1...5 1...5 Yukimoto et al., 
2001 

National Center for Atmospheric Research, United 
States 

CCSM3 1...4 1...3, 
5...7 

1...7 Collins et al., 
2006 

National Center for Atmospheric Research, United 
States 

PCM 1...4 1...4 2...3 Washington et 
al., 2000 

Hadley Center for Climate Prediction and 
Research/Met Office, United Kingdom 

UKMO-
HadCM3 

1 1 1 Gordon et al., 
2000 

Total Number of Climate Projections  36 39 37  
Source: (Maurer et al., 2007) 
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1.2.3 Bias Correction and Spatial Downscaling 
The CMIP3 climate projections have undergone BCSD to 1/8th-degree (~12-kilometer) 
resolution through methods described in detail in Wood et al. (2002; 2004) and Maurer (2007). 
The purpose of this bias correction is to adjust a given climate projection for inconsistencies 
between the simulated historical climate data and observed historical climate data, which are the 
result of GCM bias. In the BCSD approach, projections are bias corrected using a quantile 
mapping technique at 2-degree (~200-kilometer) spatial resolution. Following bias correction, 
the adjusted climate projection data are statistically consistent on a monthly basis with the 
observed climate data for the historical overlap period, which was 1950 to 1999 in the Study. 
Beyond the historical overlap period (2000 to 2099), the adjusted climate projection data reflect 
the same relative changes in mean, variance, and other statistics between the projected (2000 to 
2099) and historical periods (1950 to 1999) as were present in the unadjusted dataset, but the 
adjusted climate projection data are mapped onto the observed dataset variance. This 
methodology assumes that the GCM biases have the same structure during the 20th and 21st 
Century simulations. 

Downscaling spatially translates bias corrected climate data from the coarse, 2-degree 
(~200-kilometer), spatial resolution typical of climate models to a basin-relevant resolution of 
1/8th-degree (12 kilometers), which is more useful for hydrology and other applications. The 
spatial downscaling process generally preserves observed spatial relationships between large- 
and fine-scale climates. This approach assumes that the topographic and climatic features that 
determine the fine-scale distribution of the large-scale climate will be the same in the future as in 
the historical period. 

1.2.4 Weather Generation (Temporal Disaggregation) 
The resulting BCSD climate projections provide a representation of future monthly temperature 
and precipitation through 2099. However, to be useful for hydrologic modeling, this information 
is required on a daily temporal scale. The monthly downscaled data were temporally 
disaggregated to a daily temporal scale to create realistic weather patterns using the sampling 
methods described in Wood et al. (2002) with extensions of this approach as applied by Salathé 
(2005) and Mote and Salathé (2010). To generate daily values, for each month in the simulation 
a month is randomly selected from the historic record for the same month (e.g., for the month of 
January, a January from the 1950 to 1999 period is selected). The daily precipitation and 
temperature from the historic record are then adjusted (rescaled precipitation and shifted 
temperature) such that the monthly average matches the simulated monthly value. The same 
historic month is used throughout the domain to preserve plausible spatial structure to daily 
storms (Mote and Salathé, 2010). The results of the temporal disaggregation are daily weather 
sequences that preserve the monthly values from the downscaled climate projections. Some 
uncertainties can be introduced depending on the method employed to produce the daily data 
from the monthly climate values. A comparative analysis of two available methods to generate 
daily weather patterns for the Study favored the use of the method employed by Salathé (2005) 
and incorporated in the SECURE Report (Reclamation, 2011) to produce the daily downscaled 
data. Additional detail of the comparative analysis of two daily weather generation (temporal 
disaggregation) methods is presented in appendix B3 under Comparison of Daily Weather 
Generation (Temporal Disaggregation) Methods. 
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2.0 Hydrologic Processes 
The primary sources for hydrologic process data are derived from the VIC-simulated conditions 
driven by either observed historical climatology (1950 to 2005) or projected climate (1950 to 
2099). VIC simulates all major moisture fluxes at the grid cell using physically based methods. 
These moisture fluxes are not generally measured at the spatial resolution necessary for Basin 
assessments; thus the VIC-derived patterns are considered the most suitable source. For example, 
although station-specific SWE, precipitation, and temperature are available from the National 
Resources Conservation Service SNOTEL network at 800 stations in 11 western states and 
Alaska (http://www.wcc.nrcs.usda.gov/snow/), the spatial representativeness of the SNOTEL 
data is uncertain (Daly et al., 2000). In preliminary results, Molotch et al. (2001) showed that 
SWE can begin to vary significantly beyond 500 meters from a SNOTEL site, due to terrain 
impacts on snow ablation, as well as small-scale depositional variations. A variety of methods 
have been used to distribute point measurements to spatial grids. The methods used are complex 
and beyond the scope of the Study; therefore, site-specific SNOTEL data were not processed to 
independently validate the SWE fields derived from the VIC model for the Study. However, 
Mote et al. (2008) found correlation of better than 0.75 between VIC-simulated SWE and 
measured SWE for the Rockies. Other parameters, such as ET and soil moisture, are not 
routinely measured, nor are they measured at scales that permit validation with the VIC-
simulated fields. Thus, the use of VIC-simulated historical fluxes enables a consistent 
comparison of change when considering simulated fluxes under future climate. 

Both the climate and hydrologic data from VIC simulations are stored in formatted text files 
known as “flux files.” One flux file is produced for every grid cell of the model domain, and 
each file contains values for the specified parameters at every time step of the simulation. 
Gridded climate and hydrologic parameter data generated by the VIC model for the historical 
and projected periods were converted from daily to monthly values and stored in a specialized 
format (netCDF). This data conversion allows for statistical and spatial analysis of the data and 
enables a better understanding of the primary factors, both climatological and hydrological, that 
drive projected changes in streamflows relative to historical conditions. In addition to the 
primary VIC outputs of air temperature, precipitation, ET, runoff, and baseflow, total runoff 
(sum of baseflow and runoff) and runoff efficiency were computed at each grid cell and added to 
the netCDF files. Runoff efficiency is defined as the fraction of total runoff to the total 
precipitation. The complete list of hydroclimatic variables compiled is included in table B2-4.  

One netCDF file was produced for each climate projection and for the historical observed data, 
for a total of 113 netCDF files. As with the climate data, monthly, seasonal, and annual statistics 
were derived for the hydrologic process information for the historical period 1971 to 2000 and 
three future 30-year climatological periods: 2011 to 2040, 2041 to 2070, and 2066 to 2095. The 
historical period 1971 to 2000 was selected as the reference climate because it was the most 
current 30-year climatological period described by NOAA (2010) at the time the Study was 
initiated. Representative statistics were generated on monthly, seasonal, and annual bases. In this 
analysis, the seasons are defined as follows: Fall: October, November, and December; Winter: 
January, February, and March; Spring: April, May, and June; and Summer: July, August, and 
September. 
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TABLE B2-4 
Climate and Hydrologic Parameters 

VIC Parameter Units 

Average air temperature °C 

Precipitation millimeters (mm) 

ET mm 

Runoff (surface) mm 

Baseflow (subsurface) mm 

Total runoff mm 

Soil moisture (in each of three soil layers) mm 

Soil moisture fraction percent 

SWE mm 

Runoff efficiency (total runoff/total precipitation) fraction 

 

The statistical analysis was conducted on both grid cell and watershed bases. The results of the 
grid cell analysis produce the most informative map graphics and clearly show spatial variation 
at the greatest resolution possible. At this spatial scale, the statistics for each grid cell are 
developed independently. The resulting statistics are stored in netCDF files. Monthly time series 
data were extracted from these files to characterize patterns of change in hydrologic parameters.  

Finally, “change metrics” are generated for each parameter, in which the difference between 
future period statistics and historical period statistics are calculated on both absolute and percent 
change bases. These results are again stored in netCDF files, with two files generated for each 
future period—one for grid cell data and one for watershed data. The format of these files is 
identical to those containing the results of the statistical analysis. 

3.0 Climate Teleconnections 
During the past 30 years, the understanding of the climatic importance of the oceans, particularly 
ocean temperature, has steadily improved (U.S. Department of Interior, 2004). Initial research 
focused on the distant effects of the recurrent warming of the equatorial Pacific Ocean referred to 
as El Niño, which South American fishermen have long known to have an adverse effect on the 
coastal fisheries in Peru. El Niño is the warm phase of the sea-surface temperature component of 
a coupled ocean-atmosphere process, ENSO, which spans the equatorial Pacific Ocean. The 
atmospheric component, the Southern Oscillation, refers to a “seesaw” effect in sea-level 
pressure between the tropical Pacific and Indian Oceans. Reduced sea-level pressure in the 
Pacific Ocean, combined with increased sea-level pressure in the Indian Ocean, leads to a 
weakening in the trade winds over the eastern Pacific. This weakening enables warm water from 
the central equatorial Pacific to spread eastward and southward along the west coast of South 
America, creating the classic El Niño condition. Conversely, and about as frequently, the sea-
level pressure in the Pacific Ocean increases while pressure in the Indian Ocean decreases, which 
causes trade winds to intensify over the eastern Pacific. When this occurs, equatorial upwelling 
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of deep, cold water, as well as cold water from the West Coast of South America, are pulled 
northward and westward from the coast into the eastern and central Pacific, producing La Niña. 
Thus, El Niño and La Niña are, respectively, the warm and cold phases of the coupled ENSO 
system. 

ENSO events typically last from 6 to 18 months and, therefore, are the single most important 
factor affecting inter-annual climatic variability on a global scale (Diaz and Kiladis, 1992). 
ENSO has been linked to the occurrence of flooding in the Lower Basin (Webb and Betancourt, 
1992) and to both floods and droughts across the western United States (Cayan et al., 1999). 
Warm winter storms have been enhanced during El Niño, causing above-average runoff and 
floods in the Southwest, such as during 1982 and 1983. However, not all El Niño events lead to 
increased runoff in the Southwest. For example, during the 2002 to 2003 warm episode, runoff 
was below average in the Basin. Similarly, La Niña is frequently, though not always, associated 
with below-average flow in the Colorado River. As a result, although ENSO exerts a strong 
influence in modulating wet versus dry conditions in many parts of the United States, the effect 
is not always the same in any given region. Some condition other than ENSO must also be 
influencing weather and climate patterns affecting the Colorado River. 

In the mid-1990s, scientists identified another ocean temperature pattern, this one occurring in 
the extratropical Pacific Ocean north of 20 ºN (Mantua and Hare, 2002), the PDO. The PDO 
varies or oscillates on a decadal scale of 30 to 50 years for the total cycle; that is, much of the 
North Pacific Ocean is predominantly, though not uniformly, warm (or cool) for periods of about 
15 to 25 years. During the 20th Century, the PDO exhibited several phases−warmer along coastal 
southeastern Alaska from 1923 to 1943 and again from 1976 to 1998, and cooler from 1944 to 
1975. Since 1999, the PDO has exhibited higher-frequency fluctuations, varying from cool (1999 
to 2001) to warm (2002 to 2004). Currently, the causes of the variations in the PDO are unknown 
and its potential predictability is uncertain. Recent research indicates that the PDO phase may be 
associated with decadal-length periods of above- and below-average precipitation and 
streamflow in the Basin (Hidalgo, 2004) but, as with ENSO, such associations are not always 
consistent. 

Climate teleconnections were first analyzed by selecting indices that could have potential 
influence in streamflow changes for the Basin. Published research (Redmond and Koch, 1991; 
Webb and Betancourt, 1992; Cayan et al.; 1999; Mo et al., 2009; and others) indicates that the 
strongest correlations with Basin flows were observed with the PDO and ENSO indices. For 
ENSO, data were collected for both the ocean component (sea surface temperature anomalies) 
and the atmospheric component. The two components are highly correlated and combined 
describe ENSO. The SOI, the atmospheric component, was the primary dataset used in the Study 
due to the longer availability of information. Therefore, the quantitative teleconnections analysis 
was based on the PDO index and the SOI. Only a qualitative discussion of the AMO is included 
in the Technical Report. 

Annual averages of the PDO on a water-year basis were calculated and compared with the same 
water year annual flows. Annual average values for the SOI were computed, using different 
annual windows. The average SOI index presented in the Study refers to the June to November 
period, which was identified as a strong indicator of ENSO events (Redmond and Koch, 1991). 
Once the SOI averages were computed, ENSO events were determined by years when the 
averaged SOI was below -1 (classified as an El Niño year) or above 1 (classified as a La Niña 
year). A warm PDO was defined as a PDO value greater than or equal to 0.0, and a cold PDO 
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was a PDO value less than 0.0. AMO research by Mo et al. (2009) indicates that the direct 
influence of the AMO on drought is small. The major influence of the AMO is to modulate the 
impact of ENSO on drought. The influence is large when the sea surface temperature anomalies 
in the tropical Pacific and in the North Atlantic are opposite in phase. A cold (warm) event in a 
positive (negative) AMO phase amplifies the impact of the cold (warm) ENSO on drought. The 
ENSO influence on drought is much weaker when the sea surface temperature anomalies in the 
tropical Pacific and in the North Atlantic are in phase. Because the AMO cycle is approximately 
70 years, AMO research is constrained by the observed data record of approximately 150 years. 
AMO research continues in this area using indirect observations of tree rings and sedimentary 
layers. 

There are also other climate teleconnections that appear to influence the characteristics of 
seasonal precipitation (e.g., Madden-Julian Oscillation and Arctic Oscillation) (Becker et al., 
2011; Bond and Vecchi, 2003; Hu and Feng, 2010). However, the understanding of the influence 
of these teleconnections on the Colorado River precipitation, and their usefulness as an indicator, 
is still evolving. 

4.0 Streamflow 
Streamflow was analyzed through the use of two historical data sets (observed period and a 
longer paleo-reconstructed period) and projections of future streamflow based on climate 
models. Using information from the recent past, more distant past, and projections of the future 
enabled a robust assessment of plausible future conditions. 

Two historical streamflow data sets—the observed record spanning the period 1906 to 2007 and 
the paleo-reconstructed record spanning the period 762 to 2005—were used in the Study to 
characterize historical streamflow patterns and variability. Period comparisons are made between 
the full extent of the data and a more recent period. For the observed dataset spanning 1906 to 
2007, the second comparison period (1978 to 2007) was selected as the most recent (based on 
available natural flow records) 30-year period because it captures the recent drought period and 
the apparent climate shift after 1977 (IPCC, 2007). For the Paleo dataset spanning 762 to 2005, 
the second comparison period selected was 1906 to 2005 so that direct comparisons could be 
made of the observed and paleo timeframes. Annual flows and moving averages for 3, 5, 10, 20, 
and 30 years were computed for the two time periods so that differences in mean flows and 
variability of flows could be accessed. Annual flows and moving averages were also used to 
evaluate minimum and maximum streamflows. Exceedance probability plots were used to 
evaluate the likelihood of annual flows to exceed a specified streamflow value.  

One future streamflow projection data set was represented in the Downscaled GCM Projected 
scenario. In this scenario, the routed streamflow from the VIC simulations driven by 112 climate 
projections for the period 1950 to 2099 were used to characterize natural flows at each of the 
29 flow locations. VIC-simulated runoff from each grid cell was routed to the outlet of each 
watershed (the 29 flow locations) using VIC’s offline routing tool (Lohmann et al., 1996; 1998). 
The routing tool processed individual cell runoff and baseflow terms and routed the flow 
based on flow direction and flow accumulation inputs derived from digital elevation models. 
Flows were output in both daily and monthly time steps. Only the monthly flows were used 
in the analysis for the Study. VIC routed flows are considered “natural flows” in that they 
do not include effects of diversions, imports, storage, or other human management of 
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the water resource. Bias-correction was applied to the VIC-simulated flows to account 
for any systematic bias in the hydrology model or data sets.  

Annual streamflows for both the historical analysis and future water supply scenarios were 
analyzed to provide an estimate of the inter-annual variability, or deficit and surplus conditions. 
Definitions of “drought” are often subjective in water planning. In general, droughts are defined 
as periods of prolonged dryness. The inter-annual variability of the climate and hydrology of the 
Southwest imply basins may be in frequent states of drought. As part of the analysis conducted 
for this report, different averaging periods for determining and measuring deficits (cumulative 
volume below some reference) were considered. The definition used in the Technical Report is 
the following: a deficit occurs whenever the 2-year average flow falls below the long-term mean 
annual flow of 1906 to 2007. The use of a 1-year averaging period was discarded because it 
implied that any 1 year above the 15-million-acre-feet Lees Ferry natural flow would break a 
multi-year deficit. The use of a 2-year averaging period implies that it may take 2 consecutive 
above-normal years (or 1 extreme wet year) to end a drought. For a basin with sizable reservoir 
storage in comparison to its mean flow such as the Colorado River, it may take several years to 
alleviate storage deficits. Averaging periods of 1 to 10 years were evaluated, following research 
by Timilsena et al. (2009). The 2-year averaging period appeared to produce similar deficits as 
the longer-averaging periods, and was thus selected as a useful indicator. 

A summary of the streamflow data sources used in each of the water supply scenarios is included 
below. 

4.1 Observed Natural Streamflows used in the Observed Resampled Scenario 
The natural streamflows were obtained for the 1906 to 2007 period at the 29 flow locations 
commonly used by the Reclamation for planning. Reclamation uses data collected from the 
U.S. Geological Survey (USGS) and other gage sites, consumptive use records, records of 
reservoir releases, and other data to compute monthly natural flows at 29 locations throughout 
the Basin: 20 locations upstream of and including the Lees Ferry gaging station in Arizona, and 
9 locations below the Lees Ferry gaging station (Prairie and Callejo, 2005).  

Natural flow for the Upper Basin is computed as follows: 

Natural Flow = Historic Flow + Consumptive Uses and Losses+/- Reservoir Regulation 

Historical streamflow data were obtained from USGS Web pages. Total depletions in the form of 
consumptive uses and losses include the following: irrigated agriculture, reservoir evaporation, 
stockponds, livestock, thermal power, minerals, municipal and industrial, and exports/imports. 
Reservoir regulation includes mainstem reservoirs and non-mainstem reservoirs.  

Natural flows for the Lower Basin comprise computed gains and losses (on the mainstem) 
and historical flows (on the tributaries). Computed gains and losses consider the following 
consumptive uses and losses: decree accounting reports (http://www.usbr.gov/lc/region/ 
g4000/wtracct.html), evaporation (from Lakes Mead, Mohave, and Havasu), and phreatophytes. 
Reservoir regulation includes change in reservoir storage and change in bank storage. Historical 
flows on the tributaries (Paria, Virgin, Little Colorado, and Bill Williams Rivers) have not had 
the historical depletions added back to the gaged flow due to the state of current methods and 
processes. Thus, most Lower Basin flows should not be considered natural.  For more detail on  
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the treatment of the Lower Basin tributaries see Technical Report C – Water Demand 
Assessment, Appendix C5 – Modeling of Lower Basin Tributaries in the Colorado River 
Simulation System. 

Monthly intervening and total natural flow for the 29 locations are available. “Intervening” flows 
represent the flow generated between two locations, but do not include the cumulative 
contribution of the locations upstream. “Total” flows, on the other hand, include the local 
intervening flow and all upstream flows from that location. 

Additional information, documentation, and the natural flow data are available 
at http://www.usbr.gov/lc/region/g4000/NaturalFlow/Index.html. 

4.2 Paleo Reconstructed Streamflow used in the Paleo Resampled Scenario 
The natural streamflows in the Paleo Resampled scenario were derived from streamflow 
reconstructions at Lees Ferry from tree-ring chronologies for the period of 762 to 2005. The 
reconstructed streamflows at Lees Ferry were derived from ecologically contrasting tree-ring 
sites in the southern Colorado Plateau during the past 2 millennia (Meko et al., 2007). 
Streamflow values were disaggregated, spatially, and temporally, to the 29 locations by 
Reclamation (Prairie and Rajagopalan, 2007; Prairie et al., 2008). 

4.3 Paleo Conditioned Streamflow used in the Paleo Conditioned Scenario 
The Paleo Conditioned scenario blends the observed historical record and Paleo-reconstructed 
record to generate future inflow scenarios that comprise magnitudes of the historical record and 
state information from the Paleo record provided by Reclamation (Prairie and Rajagopalan, 
2007; Prairie et al., 2008).  

4.4 Future Streamflow Projections used in the Downscaled GCM Projected 
Scenario 

The Downscaled GCM Projected scenario includes VIC hydrologic model traces of future 
streamflows for the 1950 to 2099 period from 112 GCM realizations for the 29 streamflow 
locations within the Basin. VIC model results were provided by Reclamation from work 
conducted for the West-Wide Climate Risk Assessment study (Reclamation, 2011).  
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Appendix B3 — Supplemental Analysis of 
Future Climate Data 

During the development of the hydrologic simulations under historical and projected climate 
forcings as part of the Water Supply Assessment, biases were observed for the overlapping 
period of 1950 to 1999 as compared to the natural flow data set. These biases are due to 
differences between the General Circulation Model (GCM)-simulated historical climate and 
observed climate data, differences in hydrology model inputs and parameterization, and 
differences between the Variable Infiltration Capacity (VIC)-simulated hydrologic responses and 
observed watershed responses implied in the natural flows. This appendix describes analysis that 
was conducted to determine the effect of bias in climate forcings used to simulate streamflows 
and whether choice of the daily weather generation (temporal disaggregation) method 
significantly affects this bias.  

Although it was expected that biases would exist due to the hydrology model and historical 
gridded climate, it was believed that these biases would be similar (same magnitude and 
direction) when comparing to simulations of GCM-simulated historical climate. However, 
the biases were found to be substantially different when comparing three representations of 
the historical period (1950 to 1999) streamflow: 1) natural flows derived from gage 
measurements; 2) VIC-simulated flows when forced with observed (derived) historical 
climate; and 3) VIC-simulated flows when forced with GCM-simulated historical climate. 
For example, the VIC simulation using observed historical climate for 1950 to 1999 suggested 
an over-estimation of flows in the Colorado River at Lees Ferry, Arizona. However, the same 
VIC model, when forced with GCM-simulated historical climate, produced an under-estimation 
of flow. Without a robust streamflow bias correction method, it is possible that the effects of 
climate change could be overstated.  

Several potential causes of streamflow bias were investigated to support the use of the 
downscaled climate projections on a daily scale and to support the development of a streamflow 
bias correction method. The biases were investigated through various separate analyses using the 
historical climate forcings and VIC model simulations for the period of 1950 to 1999. The 
following areas related to climate forcing bias were investigated: 

1. Bias due to 2-degree climate forcings. The projected climate forcings are bias corrected 
through the bias correction and spatial downscaling (BCSD) process at a common 2-degree 
scale. The forcings are corrected for each month, but residual bias at seasonal, annual, and 
multi-year scales are possible.  

2. Bias due to 1/8th-degree spatial downscaling. Because the BCSD process corrects for 
month-specific bias at the 2-degree scale, it is possible that residual bias exists after 
performing spatial downscaling to the 1/8th-degree scale.  

3. Bias due to daily weather generation method. Two data sets were available using slightly 
different methods to temporally disaggregate monthly climate data into daily weather inputs. 
It is possible that the choice of method could affect the resulting streamflow bias. 

The evaluation of each of the potential causes of bias is discussed further in the following 
sections. In each of these evaluations, GCM-simulated historical climate was compared to 
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historical observed climate from Maurer et al. (2002) for the period of 1950 to 1999. Although 
any of the 112 downscaled climate projections could have been used, one particular projection 
(Trace 44 – sresa2.ccma_cgcm3_1.4) was selected for presentation of results. Biases were found 
to be relatively consistent across the range of projections. 

Analyses were performed for precipitation at representative grid cells at the locations in the 
Colorado River Basin (Basin) shown in table B3-1. However, results are shown for the grid cell 
at the Colorado River at the Glenwood Springs, Colorado, location. 
TABLE B3-1 
Locations where Evaluation of Biases Was Performed (decimal latitude and longitude) 

No. Location 
Nearest Grid Cell  

(Latitude, Longitude) 

1 Colorado River at Lees Ferry, Arizona 36.4375, -112.0625 

2 Green River at Green River, Utah 38.8125, -111.3125 

3 San Juan River near Bluff, Utah 35.5625, -110.6875 

4 Colorado River near Cisco, Utah 38.6875, -109.6875 

5 Colorado River above Imperial Dam, Arizona 32.9375, -114.8125 

6 Colorado River at Glenwood Springs, Colorado 39.3125, -107.5625 

7 Colorado River below Fontenelle Reservoir, Wyoming 42.0625, -110.8125 

8 San Juan River near Archuleta, New Mexico 36.6875, -107.8125 

9 Colorado River below Davis Dam, Arizona-Nevada 35.1875, -115.0625 

10 Taylor River below Taylor Park Reservoir, Colorado 38.8125, -106.5625 

 

1.0 Bias Due to 2-degree Climate Forcings 
The BCSD method adjusts monthly biases in climate projections at the 2-degree spatial scale. By 
construction, the method preserves monthly precipitation and temperature statistics to the 
observed for the overlapping 1950 to 1999 period at the 2-degree spatial scale. However, because 
hydrologic responses are dependent on seasonal, annual, and sometimes multi-year sequences of 
precipitation and temperature, the bias was evaluated for longer temporal scales.  

Figures B3-1A and B3-1B show the observed, raw GCM, and the bias corrected GCM monthly 
precipitation for grid cell at the Colorado River at Glenwood Springs location. As can be seen 
from the figures, the raw GCM results need to be bias corrected to achieve similar statistics to 
the observed in the overlapping period. The raw GCM biases appear to be largest in the 
December and January months. However, after bias correction, the monthly statistics are 
preserved for all months as compared to the observed (bias corrected [BC] line is same as 
observed line in figures). 
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FIGURE B3-1A  
Comparison of Monthly Precipitation Non-exceedance Probability Using 2-degree Raw GCM (Raw), Bias Corrected GCM (BC), 
and Observation (Obs) Data, January–June  
2-degree grid cell near Colorado River at Glenwood Springs, Colorado location. GCM-simulated from  
Trace 44 – sresa2.cccma_cgcm3_1.4; Observation data from 2-degree spatially aggregated precipitation from Maurer et al. (2002).  
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FIGURE B3-1B  
Comparison of Monthly Precipitation Non-exceedance Probability Using 2-degree Raw GCM (Raw), Bias Corrected GCM (BC), 
and Observation (Obs) Data, July–December  
2-degree grid cell near Colorado River at Glenwood Springs, Colorado location. GCM-simulated from  
Trace 44 – sresa2.cccma_cgcm3_1.4; Observation data from 2-degree spatially aggregated precipitation from Maurer et al. (2002).  

  

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0

0 20 40 60 80 100

Pr
ec

ip
ita

tio
n 

(m
m

/d
)

Non-Exceedence Probability (%)

Monthly P - Aug
Raw
BC
Obs

 

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0

0 20 40 60 80 100

Pr
ec

ip
ita

tio
n 

(m
m

/d
)

Non-Exceedence Probability (%)

Monthly P - Sep
Raw
BC
Obs

 

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0

0 20 40 60 80 100

Pr
ec

ip
ita

tio
n 

(m
m

/d
)

Non-Exceedence Probability (%)

Monthly P - Oct
Raw
BC
Obs

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0

0 20 40 60 80 100

Pr
ec

ip
ita

tio
n 

(m
m

/d
)

Monthly P - Nov
Raw
BC
Obs

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0

0 20 40 60 80 100

Pr
ec

ip
ita

tio
n 

(m
m

/d
)

Monthly P - Dec
Raw
BC
Obs

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0

0 20 40 60 80 100

Pr
ec

ip
ita

tio
n 

(m
m

/d
)

Non-Exceedence Probability (%)

Monthly P - Jul
Raw
BC
Obs

 Non-Exceedence Probability (%)  Non-Exceedence Probability (%)

 
  



Appendix B3 — Supplemental Analysis 
of Future Climate Data 

 
 

December 2012 B3-5 

Figure B3-2 shows the same information for the seasonal and annual time scales. As shown in 
this figure, despite monthly BC, residual bias exists at seasonal and annual scales as compared to 
the observed. The 2-degree bias corrected GCM precipitation appears to underestimate the 
periods of high seasonal precipitation. The underestimation of high seasonal precipitation 
appears to be caused by differences in sequences of wet months within the season between the 
GCM-simulated historical climate and the observed climate. The seasonal bias is largest during 
the winter (January, February, and March) and fall (October, November, and December) and 
relatively small in other seasons. However, small bias continues to persist at annual scales as 
shown in the bottom panel of the figure. Figure B3-3 also indicates that GCM-simulated 
historical climate (after bias correction) retains bias at multi-year scales. In almost all multi-year 
averaging periods, the observed precipitation is larger than the bias corrected GCM precipitation, 
although the magnitude of this impact has not been isolated. 

The temperature biases (not shown) are significantly less than precipitation biases at all time 
scales and are not believed to represent a significant source of bias to streamflow assessments. 

2.0 Bias Due to 1/8th-degree Spatial Downscaling 
The BCSD method adjusts for monthly biases in climate projections at 2-degree spatial scale. By 
construction, the method preserves monthly precipitation and temperature statistics to the 
observed for the overlapping 1950 to 1999 period at the 2-degree spatial scale. However, to be 
useful for most watershed assessments, the climate information is needed at finer spatial scales. 
The spatial downscaling transforms the climate information to the 1/8th-degree scale. The 
1/8th-degree spatial scale climate data were used as inputs into the VIC hydrologic model. 
Analyses were performed to investigate bias after downscaling to this finer spatial scale.  

As shown in figures B3-4A and B3-4B, although there is generally agreement between the 
observed and simulated historical climate statistics at the 1/8th-degree scale, bias exists even at 
the monthly scale. As with the 2-degree climate information, the biases are largest in winter; 
particularly December and January. Biases continue to exist at the seasonal, annual, and multi-
year scales (figure B3-5 and B3-6). These longer time-scale biases are larger at the 1/8th-degree 
than at the 2-degree spatial scales.  
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FIGURE B3-2  
Comparison of Seasonal and Annual Precipitation Non-exceedance Probability Using 2-degree Raw GCM (Raw), Bias Corrected 
GCM (BC), and Observation (Obs) Data 
2-degree grid cell near Colorado River at Glenwood Springs, Colorado location. GCM-simulated from  
Trace 44 – sresa2.cccma_cgcm3_1.4; Observation data from 2-degree spatially aggregated precipitation from Maurer et al. (2002).  
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FIGURE B3-3  
Comparison of Non-exceedance Probability for Precipitation Averaged over 2-year, 3-year, 5-year, and 10-year Periods, Using 
2-degree Raw GCM (Raw), Bias Corrected GCM (BC), and Observation (Obs) Data 
2-degree grid cell near Colorado River at Glenwood Springs, Colorado location. GMC-simulated from  
Trace 44 – sresa2.cccma_cgcm3_1.4; Observation data from 2-degree spatially aggregated precipitation from Maurer et al. (2002).  
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FIGURE B3-4A  
Comparison of Monthly Precipitation Non-exceedance Probability Using 1/8th-degree BCSD (sresa2.cccma_cgcm3_1.4) and 
Observed (Obs) Data, January–June 
1/8th-degree grid cell near Colorado River at Glenwood Springs, Colorado location. GMC-simulated from  
Trace 44 – sresa2.cccma_cgcm3_1.4; Observation data from Maurer et al. (2002). 
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FIGURE B3-4B  
Comparison of Monthly Precipitation Non-exceedance Probability Using 1/8th-degree BCSD (sresa2.cccma_cgcm3_1.4) and 
Observed (Obs) Data, July–December 
1/8th-degree grid cell near Colorado River at Glenwood Springs, Colorado location. GMC-simulated from  
Trace 44 – sresa2.cccma_cgcm3_1.4; Observation data from Maurer et al. (2002). 
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FIGURE B3-5  
Comparison of Seasonal Precipitation Non-exceedance Probability Using 1/8th-degree BCSD (sresa2.cccma_cgcm3_1.4) and 
Observed (Obs) Data 
1/8th-degree grid cell near Colorado River at Glenwood Springs, Colorado location. GMC-simulated from  
Trace 44 – sresa2.cccma_cgcm3_1.4; Observation data from Maurer et al. (2002). 
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FIGURE B3-6 
Comparison of Seasonal and Averaged over 2-year, 3-year, 5-year, and 10-year Periods, Precipitation Non-exceedance 
Probability Using 1/8th-degree BCSD (sresa2.cccma_cgcm3_1.4) and Observed (Obs) Data 
1/8th-degree grid cell near Colorado River at Glenwood Springs, Colorado location. GMC-simulated from  
Trace 44 – sresa2.cccma_cgcm3_1.4; Observation data from Maurer et al. (2002). 

  

  
 

Figure B3-7 shows the annual time history of the observed precipitation and the simulated 
historical period precipitation for one particular GCM projection for 1950 to 1999. The GCMs 
are not expected to reproduce the identical sequences of observed precipitation due to differences 
between actual and simulated initial ocean and climate states, differences between actual and 
simulated emissions and other radiative forcings, and other model limitations. As shown in the 
figure, multi-year wet periods such as that observed in 1983 to 1986 are not expected to occur at 
the same time in the historical simulations, but are expected to be reproduced over some 
historical period. However, the magnitude of this wet persistence was not reproduced in the 
simulated climate (see figure B3-7). This under-representation of wet persistence appears to be 
common across all 112 projections. 
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FIGURE B3-7  
Comparison of Annual Precipitation Non-exceedance Probability Using 1/8th-degree BCSD (sresa2.cccma_cgcm3_1.4) and 
Observed (Obs) Data, July–December 
1/8th-degree grid cell near Colorado River at Glenwood Springs, Colorado location. GMC-simulated from  
Trace 44 – sresa2.cccma_cgcm3_1.4; Observation data from Maurer et al. (2002). 
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3.0 Comparison of Daily Weather Generation (Temporal 
Disaggregation) Methods 

As part of the assessment of future climate data and their impact on streamflow, two different 
daily weather datasets were available for the Colorado River Basin Water Supply and Demand 
Study (Study). The two methods used to develop these datasets are: 1) a method developed by 
the Climate Impacts Group at the University of Washington (Salathé, 2005) and that used in the 
Bureau of Reclamation’s (Reclamation) West-Wide Climate Risk Assessment (WWCRA) 
(Reclamation, 2011), and 2) the method developed by Wood et al. (2002) and used in previous 
Colorado River VIC assessments (Christensen and Lettenmaier, 2007). Both daily weather 
generation methods preserve monthly total precipitation from the downscaled climate projections 
and use the historical database to develop realistic daily storm patterns through a temporal 
disaggregation method. The differences between the two approaches are relatively subtle, but it 
was found that VIC hydrologic model results were sensitive to the choice of method. 

Analysis of the precipitation statistics between the two methods indicates no significant 
differences at the monthly scale. The observational data set was derived from Maurer et al. 
(2002). Comparisons have been prepared for one downscaled climate projection: Trace 44 –  
sresa2.cccma_cgcm3_1.4 under the two different daily weather generation methods. Figure B3-8 
illustrates a graphical comparison of the monthly precipitation for January and July between the 
two methods and the observed. The differences between simulated and observed are generally 
zero, as can be seen from the bottom plots. However, some small differences occur in the 
extreme southwest of the Basin under the Wood methodology. 
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FIGURE B3-8  
Comparison of Monthly Precipitation between Observational Data (Maurer et al., 2002) and Downscaled Precipitation  
(Wood et al. 2002; Salathe, 2005), January and July  
Only January and July monthly averaged values in millimeters per day [mm/d] are shown. Downscaled climate data for 
Wood et al. (2002) and Salathé (2005) are from Trace 44 – sresa2.cccma_cgcm3_1.4. Maps are shown with decimal latitude 
and longitude coordinates. 
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To better understand the differences in storm patterns generated under each weather generation 
method, analyses of precipitation events greater than certain thresholds were conducted. 
Figure B3-9 shows the comparison for 2 mm/d (0.08 inches per day [in/d]) and 20 mm/d 
(0.8 in/d) precipitation events. Figure B3-10 shows the comparison for 50 mm/d (2 in/d) and 
100 mm/d (4 in/d) precipitation events. In general, the method (Salathé, 2005) applied in the 
WWCRA produces precipitation events more similar to those in the observed record, although 
differences exist at all precipitation thresholds.  
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FIGURE B3-9 
Comparison of Number of Days (percent) with Precipitation Greater than 2 mm/d (top) and 20 mm/d (bottom) between 
Maurer et al. (2002) Observed Precipitation and GCM Downscaled Precipitation Using Two Methods (Wood et al., 2002; Salathé, 
2005) 
GCM downscaled precipitation from Trace 44 – sresa2.cccma_cgcm3_1.4. Maps are shown with decimal latitude and longitude 
coordinates. 
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FIGURE B3-10  
Comparison of Number of Days (percent) with Precipitation Greater than 50 mm/d (top) and 100 mm/d (bottom) between 
Maurer et al. (2002) Observed Precipitation and GCM Downscaled Precipitation Using Two Methods (Wood et al., 2002; Salathé, 
2005) 
GCM downscaled precipitation from Trace 44 – sresa2.cccma_cgcm3_1.4. Maps are shown with decimal latitude and longitude 
coordinates. 
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The analysis shown in the spatial figures was performed for each grid cell independently and did 
not reflect spatial correlation during storm events. In figure B3-11, the spatially averaged 
precipitation for all grid cells above Lees Ferry was analyzed for thresholds likely to produce 
runoff (2 mm/d, 5 mm/d, and 10 mm/d). The method employed by Salathé (2005) and 
incorporated in the WWCRA appeared to more faithfully reflect observed precipitation 
frequencies for this spatial area. This method produced significantly more representative 
precipitation frequencies to the observed than that used in the previous VIC simulations, 
particularly at the 2–mm/d and 5–mm/d thresholds. At the 10–mm/d threshold, both methods 
overestimated the frequency of occurrence; however, the observed frequency was already low. 
For the area above Glenwood Springs (figure B3-11), the method applied by Salathé was 
significantly better at all precipitation frequencies considered. 
FIGURE B3-11  
Number of Days per Year (averaged over the 1950–1999 period) with Precipitation Larger than Selected Thresholds (2 mm/d, 
5 mm/d, and 10 mm/d) 
Computed from the daily precipitation over the period 1950–1999 using spatially averaged precipitation for all grid cells above 
Colorado River at Lees Ferry contributing area (top) and above Colorado River at Glenwood Springs (bottom). Wood et al.(2002) 
and Salathé (2005) are from downscaled data from Trace 44 – sresa2.cccma_cgcm3_1.4. Values are also shown from  
Maurer et al. (2002) observed daily forcing for comparison.  
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Finally, VIC simulations were prepared using the two methods of daily weather generation for 
the historical period 1950 to 1999 using identical GCM-simulated monthly climate. These 
simulations were compared to the VIC simulation using historical observed climate; and the 
natural flow estimates for the Colorado River at Lees Ferry, Arizona. The VIC historical 
validation (VIC simulation using the historical observed methodology) suggests an 
overestimation of mean annual flows by about 4 percent. Of the two daily weather generation 
methods, the VIC simulation using the Salathé method is closest to this historical validation 
simulation (table B3-2); 2.8 percent compared to 5.8 percent using the Wood et al. (2002) 
method. Although the differences between methods appear to be relatively small in percentage 
terms, the difference in mean annual flows is nearly 500,000 acre-feet between methods.  
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TABLE B3-2  
Annual Average Streamflows at Colorado River at Lees Ferry Computed from the Period 1950–1999 

Colorado River at Lees Ferry Estimate  
(1950–1999) 

Mean Annual Flow 
(million acre-feet) 

% Difference from Natural 
Flow Estimate 

(% Difference from 
Validation) 

Reclamation Natural Flow Estimate 14.673 – 

VIC Historical Validation 15.248 3.9% 

VIC Historical Simulation (Trace 44; Wood et al., 2002) 14.362 -2.1% (-5.8%) 

VIC Historical Simulation (Trace 44; Salathé, 2005) 14.839 1.1% (-2.8%) 
 

4.0  Conclusions 
Based on the analysis of climate data, biases, and weather generation methods, several 
conclusions can be drawn. First, although the bias correction of GCM-simulated climate 
occurs to preserve monthly statistics, biases for seasonal, annual, and multi-year exist even at the 
2-degree spatial resolution. Second, spatial downscaling of climate data to the 1/8th-degree 
resolution, required for hydrologic analysis, introduces small biases at the monthly scale that do 
not exist in the 2-degree data. Finally, even under identical monthly climate forcings, the method 
for developing daily patterns of precipitation is important and can contribute to substantially 
different streamflow results. The analysis included in the Study addresses these findings by 
adopting the Salathé approach of daily weather generation because it produced smaller overall 
biases as compared to the historical validation simulations. In addition, the analysis indicates that 
biases in climate data and hydrologic simulation will continue to be present, and that a final 
adjustment to VIC-simulated streamflows is necessary to use these flows in comparable fashion 
in systems modeling. For these reasons, a method for bias correction of resulting VIC-simulated 
flows is incorporated and discussed in appendix B4.  
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Appendix B4 — Variable Infiltration  
Capacity (VIC) Hydrologic Modeling 
Methods and Simulations 

The Variable Infiltration Capacity (VIC) model (Liang et al., 1994; Liang et al., 1996) is the 
hydrology model used in the Colorado River Basin Water Supply and Demand Study (Study) 
to simulate the hydrologic response of the Colorado River Basin (Basin) to historical and 
future climate. The results from VIC simulations were used to describe the range of streamflows 
under the Downscaled General Circulation Model (GCM) Projected scenario. Each of the 
112 downscaled climate projections was used as input into the VIC hydrology model. The 
VIC hydrology model uses the climate projections along with land cover, soils, elevation, and 
other watershed information to simulate hydrologic fluxes. The hydrologic fluxes were then 
routed to each of the 29 natural flow locations using a routing network derived from the 
topography. The result of this approach is 112 unique sequences of natural flow under future 
climate projections. However, the simulated natural flows can contain significant monthly and 
annual biases when compared to the natural flows of the historical period. These biases are 
generally small for mainstem Colorado River locations, but can be large for smaller watersheds 
and in areas where the VIC model was not specifically calibrated. To account and compensate 
for these biases, the VIC-simulated streamflows for both the historical and future periods were 
first adjusted for biases before incorporating into systems modeling. This appendix describes the 
VIC hydrology model, methods, and simulations included in the Study. 

1.0 General Description of VIC 
The VIC model (Liang et al., 1994; Liang et al., 1996) is a spatially distributed hydrologic model 
that solves the water balance at each model grid cell. It incorporates spatially distributed 
parameters describing topography, soils, land use, and vegetation classes. VIC is considered a 
macro-scale hydrologic model in that it is designed for larger basins with fairly coarse grids. In 
this manner, it accepts input meteorological data directly from global or national gridded 
databases or from GCM projections. To compensate for the coarseness of the discretization, VIC 
is unique in its incorporation of sub-grid variability to describe variations in the land parameters 
as well as precipitation distribution. Parameterization within VIC is performed primarily through 
adjustments to parameters describing the rates of infiltration and baseflow as a function of soil 
properties, as well as the soil layers’ depths. When simulating in water balance mode, VIC is 
driven by daily inputs of precipitation, maximum and minimum temperature, and wind speed. 
The model internally calculates additional meteorological forcings such as short- and long-wave 
radiation, relative humidity, vapor pressure, and vapor pressure deficits. Rainfall, snow, 
infiltration, evapotranspiration (ET), runoff, soil moisture, and baseflow are computed over each 
grid cell on a daily basis for the entire period of simulation. An offline routing tool then 
processes the individual cell runoff and baseflow terms and routes the flow to develop 
streamflow at various locations in the watershed. Figure B4-1 shows the hydrologic processes 
included in the VIC model. 
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FIGURE B4-1 
Hydrologic Processes Included in the VIC Model 

 
Source: http://www.hydro.washington.edu/Lettenmaier/Models/VIC/Overview/ModelOverview.shtml 

The VIC model has been applied to many major basins in the United States, including large-scale 
applications to California’s Central Valley (Maurer et al., 2002; Brekke et al., 2008; Cayan et al., 
2010), Colorado River Basin (Christensen and Lettenmaier, 2007), Columbia River Basin 
(Hamlet et al., 2010), and for several basins in Texas (Maurer et al., 2002; CH2M HILL, 2008). 
The VIC model has a number of favorable attributes for the Study, but VIC’s three most 
significant advantages are that it has a reliable, physically based model of ET, it has a physically 
based model of snow dynamics, and it has been used for two studies of climate change in the 
Basin for which calibrated parameters are available. 

2.0 VIC Modeling Methods Specific to the Colorado 
River Basin 

2.1 Model Inputs 
The VIC model was driven by meteorological forcing data. Although the model has some 
flexibility in what variables are required, forcing files typically include daily values for 
precipitation, maximum temperature, minimum temperature, and wind speed. The VIC model 
required that the forcing files be in either American Standard Code for Information Interchange 
or binary format, with one file for each grid cell of the simulation domain. The model grid for the 
Basin consists of approximately 4,500 grid cells at a 1/8th-degree latitude by longitude spatial 
resolution.  

Daily gridded observed meteorology data were obtained from Santa Clara University (Maurer et 
al., 2002) for the period 1950 to 1999. Projections of monthly future climate data were obtained 
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from the Lawrence Livermore National Laboratory under the World Climate Research 
Program’s Coupled Model Intercomparison Project Phase 3 and using the weather general 
(temporal disaggregation) methods described in appendix B3. Wind speed in the future 
projections was not adjusted in these analyses because downscaling of this parameter was not 
available, nor well translated from global climate models to local scales. 

2.2 VIC Model Processes and Output 
The VIC model was simulated in water balance mode. In this mode, a complete land surface 
water balance is computed for each grid cell on a daily basis for the entire model domain. Unique 
to the VIC model is its characterization of sub-grid variability. Sub-grid elevation bands enable 
more-detailed characterization of snow-related processes. Five elevation bands are included for 
each grid cell. In addition, VIC also includes a sub-daily (1-hour) computation to resolve 
transients in the snow model. The soil column is represented by three soil zones extending 
downward from the land surface to capture the vertical distribution of soil moisture. The 
VIC model represents multiple vegetation types using the National Atmospheric and Space 
Administration’s Land Data Assimilation System databases as the primary input data set.  

For the simulations performed for the Basin, the following water balance parameters were 
produced as output on a daily and monthly time step: precipitation, runoff, baseflow, ET, soil 
moisture, and snow water equivalent. The runoff simulated from each grid cell was routed to 
various river flow locations using VIC’s offline routing tool. The routing tool processes 
individual cell runoff and baseflow terms and routes the flow based on flow direction and flow 
accumulation inputs derived from digital elevation models. For the simulations performed for the 
Basin, intervening streamflow was routed to 29 locations that align with the 29 natural flow 
locations in the Colorado River Simulation System (CRSS), the Bureau of Reclamation’s 
(Reclamation) long-term planning model and the primary modeling tool used in the Study. Flows 
are output in both daily and monthly time steps. Only the monthly flows were used in subsequent 
analyses. It is important to note that VIC routed flows are considered “naturalized” in that they 
do not include effects of diversions, imports, storage, or other human management of the water 
resource.  

3.0 Colorado River Basin VIC Model Validation 
A VIC model of the Basin was previously developed by the University of Washington 
(Christensen and Lettenmaier, 2007), and was provided to Reclamation for the Study. The VIC 
model was not further calibrated or refined as part of the Study, but the model performance over 
the 1950 to 1999 validation period is described in this section.  

The VIC historical validation run was simulated on a daily time step over the 1950 to 1999 
period. Historical observed climate inputs are from Maurer et al. (2002). Streamflow was routed 
to each of the 29 natural flow locations used by Reclamation in Basin planning. Figure B4-2 
shows the validation results for the Colorado River at Lees Ferry, Arizona location. The VIC 
simulation results in an overestimation of mean annual flows of about 3.9 percent when 
compared to the Reclamation natural flow estimate. The validation run captured the low and 
moderate annual flows, but has a slight overestimation of the high annual flows. Simulated flows 
in April and May flows are higher than Reclamation calculated historical natural flows, while 
July and August flows are slightly lower. Simulated flows for Colorado River at Cisco, Green 
River at Green River, Utah, and the San Juan River near Bluff, Utah, are shown in figures B4-3 
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through B4-5. The simulated flows show a slight overestimation for the Colorado River at Cisco 
and Green River at Green River stations when compared to the Reclamation natural flow 
estimates, while an underestimation is apparent for the San Juan River near Bluff station. 
Pearson's linear correlation coefficient, bias, and root mean square error (RMSE) are computed 
using the observed naturalized and VIC-simulated streamflows as driven by Maurer et al. (2002) 
over the 1950 to 1999 validation period for all 20 locations in the Upper Basin. These results are 
summarized in table B4-1. In general, the VIC model appears to have relatively small biases for 
the larger watersheds as compared to the Reclamation natural flow estimates, but can be larger 
for smaller watersheds and in areas where the VIC model was not specifically calibrated. The 
VIC model appears to have higher biases in the upper watersheds and lower biases farther 
downstream as more watershed contributes to the flow. 

FIGURE B4-2 
VIC Validation Summary for Colorado River at Lees Ferry, Arizona 
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FIGURE B4-3 
VIC Validation Summary for Colorado River at Cisco, Utah 

 

FIGURE B4-4 
VIC Validation Summary for Green River at Green River, Utah 
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FIGURE B4-5 
VIC Validation Summary for San Juan River near Bluff, Utah 
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TABLE B4-1 
Observed Annual Naturalized Streamflow and VIC-simulated Streamflow (with Maurer et. al [2002] historical meteorology) 
Comparison Statistics (1950–1999) 

ID Location 

Obs. Nat. 
Flow 

(thousand 
acre-feet 

[kaf]) 

VIC Nat. 
Flow 
(kaf) 

Bias 
(%) 

Pearson's 
Linear 
Correl. 
Coef. 

RMSE 
(kaf) 

RMSE  
(% of 
mean 
flow) 

1 Colorado River at Glenwood 
Springs, Colorado 

2,071 2,192 5.8% 0.9 360.0 17.4% 

2 Colorado River near Cameo, 
Colorado 

3,489 3,741 7.2% 0.9 546.4 15.7% 

3 Taylor River Below Taylor 
Park Reservoir, Colorado 

148 172 15.9% 0.8 48.2 32.5% 

4 Gunnison River at Blue Mesa 
Reservoir, Colorado 

1,045 1,316 26.0% 0.9 332.3 31.8% 

5 Gunnison River at Crystal 
Reservoir, Colorado 

1,273 1,494 17.4% 0.9 325.5 25.6% 

6 Gunnison River near Grand 
Junction, Colorado 

2,304 2,336 1.4% 0.9 295.2 12.8% 

7 Dolores River near Cisco, 
Utah 

789 554 -29.7% 0.9 307.0 38.9% 

8 Colorado River near Cisco, 
Utah 

6,647 6,829 2.7% 1.0 640.4 9.6% 

9 Green River below Fontenelle 
Reservoir, Wyoming 

1,364 1,079 -20.9% 0.8 396.8 29.1% 

10 Green R. near Green River, 
Wyoming 

1,469 1,226 -16.5% 0.8 359.1 24.5% 

11 Green River near Greendale, 
Utah 

2,009 1,971 -1.9% 0.8 392.3 19.5% 

12 Yampa River near Maybell, 
Colorado 

1,210 1,086 -10.2% 0.9 196.4 16.2% 

13 Little Snake River near Lily, 
Colorado 

466 580 24.3% 0.8 173.1 37.1% 

14 Duchesne River near Randlett, 
Utah 

778 920 18.2% 0.9 291.1 37.4% 

15 White River near Watson, 
Utah 

557 525 -5.7% 0.8 167.1 30.0% 

16 Green River at Green River, 
Utah 

5,397 5,440 0.8% 0.9 785.7 14.6% 

17 San Rafael River near Green 
River, Utah 

161 273 69.1% 0.7 152.8 94.8% 

18 San Juan River near 
Archuleta, New Mexico 

1,028 869 -15.5% 0.9 268.2 26.1% 

19 San Juan River Bluff, Utah 1,953 1,856 -5.0% 0.9 292.6 15.0% 

20 Colorado River at Lees Ferry, 
Arizona 

14,673 15,248 3.9% 1.0 1550.9 10.6% 
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4.0 Application of Streamflow Bias Correction 
The analysis presented in appendix B3 shows that there are some biases in the VIC streamflows 
as driven by GMC-simulated historic meteorological forcings in comparison with the naturalized 
streamflows for the Basin for the overlapping period 1950 to 1999. These biases result from 
several factors, including spatial and temporal errors in downscaled climate model forcings, 
complex groundwater interactions, and other complexities normally inherent to VIC hydrologic 
model parameter calibration. The analysis showed there are some uncertainties in the daily 
disaggregation method that was used to produce daily meteorological forcings from the monthly 
downscaled meteorology (see appendix B3). Daily meteorological data are required to drive the 
VIC. Moreover, there are uncertainties related to VIC model processes and parameter calibration 
demonstrated through comparisons of VIC-simulated historical streamflows with the naturalized 
streamflows for the Basin. Bias corrections of the downscaled climate model simulated 
VIC streamflows are performed to better reflect the statistics of the observed streamflows for the 
historical simulation period. This document describes the method developed to bias-correct the 
streamflows for the Basin. The method has been implemented for all 29 river locations for the 
period 1950 to 1999 for VIC simulation for each of the 112 projections. Results are presented for 
one particular projection (Trace 44 – sresa2.cccma_cgcm3_1.4) to demonstrate the process. 
VIC streamflows generated under future climate projections incorporate the same bias correction 
process before determining the flow projections for use in systems modeling.  

The streamflow bias correction accounts for monthly and annual statistical bias at each of the 29 
flow locations. Following the station-specific adjustments, the total Basin mass balance is again 
checked and adjustments are made such that flow continuity is maintained throughout the Basin. 
The streamflow bias correction involves the following steps: 

1. Evaluate the monthly and annual bias in VIC-simulated streamflows as compared to the 
observed natural flows for each of the 29 locations. See Figure B4-6.  

FIGURE B4-6 
Comparisons of the January Cumulative Distribution Function (CDF) (left) and Mean Monthly (right) Streamflow Developed from 
VIC-simulated and Natural Streamflow 
Colorado River at Parker Dam, Arizona location. Simulated streamflow from VIC simulation is driven by downscaled climate 
model forcings from Trace 44.  
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2. Develop a quantile map that aligns the observed CDF with the simulated CDF for each 
simulated month for the period 1950 to 1999 at each location. For each simulated value, 
determine the simulated percentile and adjust to be equal to the observed flow at the same 
percentile. This method preserves the mean and variance of the observed flows. See figure 
B4-7.  

FIGURE B4-7 
Comparisons of the January Cumulative Distribution Function (CDF) (left) and Mean Monthly (right) Streamflow Developed from 
VIC-simulated Streamflow, VIC Monthly Bias-Corrected, and Natural Streamflow 
Colorado River at Parker Dam, Arizona location. Simulated streamflow from VIC simulation as driven by downscaled climate 
model forcings from Trace 44. 

  
 

3. Re-scale the monthly values (if needed) to ensure that the annual simulated CDF aligns with 
the observed CDF. For each simulated annual flow value from step 2, determine the 
percentile and adjust to be equal to the observed flow at the same percentile. This step 
ensures that the adjusted streamflows are consistent at the annual scale. See figure B4-8.  

FIGURE B4-8  
Comparisons of the January Cumulative Distribution Function (CDF) (left) and Mean Monthly (right) Streamflow Developed from 
VIC-simulated Streamflow, VIC Monthly Bias-Corrected, VIC Annual Bias-Corrected, and Natural Streamflow 
Colorado River at Parker Dam, Arizona location. Simulated streamflow from VIC simulation as driven by downscaled climate 
model forcings from Trace 44.  

  

 
Because the bias correction is performed for each station independently, this can create 
discrepancies in spatial mass balance. Additional steps described below are performed to remove 
any spatial mass balance inconsistencies. The procedure begins from the most downstream 
location and moving upstream, as described below:  
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4. Anchor the calculations at the most downstream location (i.e., bias corrected streamflows a
the Imperial Dam are unaltered). 

Compare bias corrected flows at upstream locations (including incremental flows) with the 
downstream location. Compute the difference (Deltamon) as the downstream-computed 
monthly flow (Qds) minus the upstream-computed monthly flow (Qus), then adjust all 
upstream flows based on their relative flow contribution.  

t 

 
Q1 

Q2 

5. 

Deltamon = Qds - Qus or (e.g. Q3 – (Q1+Q2) ) 

Adji, mon = Deltamon * |Qi|/sum(|Qi..n|) or  

[e.g. Adj1,mon = Delta,mon * |Q1|/(|Q1|+|Q2|) ] Q3 

 
This process results in consistent mass balance on monthly scales (i.e., Q3=Q1+Q2). See 
figure B4-9. 

FIGURE B4-9  
Comparisons of the January Cumulative Distribution Function (CDF) (left) and Mean Monthly (right) Streamflow Developed from 
VIC-simulated Streamflow, VIC Monthly Bias-Corrected, VIC Annual Bias-Corrected, VIC Monthly Spatial Mass Balance 
Corrected and Natural Streamflow 
Colorado River at Parker Dam, Arizona location. Simulated streamflow from VIC simulation as driven by downscaled climate 
model forcings from Trace 44. 
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4. Finally, a verification check is performed based on the annual flows to ensure that all mass 
balance and corrections have been implemented correctly. See figure B4-10. 

A summary of the biases for each step in the bias correction process is shown for one climate 
projection simulation (table B4-2). The process is automated such that each Downscaled GCM 
Projection streamflow is bias corrected independently. The results from the VIC simulation 
presented in table B4-2 are different than those presented in table B4-1 because the VIC 
simulation is driven by two different meteorological datasets. Table B4-2 shows the results when 
simulated over the historical period with one GMC-simulated historical climate. The bias thus 
represents both hydrologic and meteorologic bias. The “station” bias correction column shows 
the resulting biases after conducting steps 1 through 3 in the streamflow bias correction above. 
The “spatial balance” bias correction column shows the resulting biases after conducting steps 1 
through 6, and represents the final residual bias in the model results. 
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FIGURE B4-10  
Comparisons of the January Cumulative Distribution Function (CDF) (left) and Mean Monthly (right) Streamflow Developed from 
VIC-simulated Streamflow, VIC Monthly Bias-Corrected, VIC Annual Bias-Corrected, VIC Monthly Spatial Mass Balance 
Corrected, VIC Annual Spatial Mass Balance Corrected, and Natural Streamflow 
Colorado River at Parker Dam, Arizona location. Simulated streamflow from VIC simulation as driven by downscaled climate 
model forcings from Trace 44.  
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TABLE B4-2 
Summary of Biases at the 20 Upper Basin Natural Flow Stations at Each Step in the Bias Correction Process 

% Differences of Streamflows 
ID Location Obs Nat Flow VIC Nat Flow % Bias Station Bias-correction Spatial Balance Bias-correction 
Stn01 Colorado River at Glenwood Springs, CO 2,071 2,181 5.3% 0.0% 1.3% 
Stn02 Colorado River near Cameo, CO 3,489 3,701 6.1% 0.0% 0.9% 
Stn03 Taylor River below Taylor Park Reservoir, CO 148 174 17.0% 0.0% 2.4% 
Stn04 Gunnision River at Blue Mesa Reservoir, CO 1,045 1,314 25.8% 0.0% 1.3% 
Stn05 Gunnison River at Crystal Reservoir, CO 1,273 1,486 16.7% 0.0% 0.6% 
Stn06 Gunnison River near Grand Junction, CO 2,304 2,293 -0.5% 0.0% -0.3% 
Stn07 Dolores River near Cisco, UT 789 537 -32.0% 0.0% -2.5% 
Stn08 Colorado River near Cisco UT 6,647 6,699 0.8% 0.0% 0.2% 
Stn09 Green R Bel Fontenelle Res, WY 1,364 1,062 -22.1% 0.0% 2.1% 
Stn10 Green R. near Green River, WY 1,469 1,198 -18.5% 0.0% 1.7% 
Stn11 Green River near Greendale, UT 2,009 1,881 -6.4% 0.0% 1.6% 
Stn12 Yampa River near Maybell, CO 1,210 1,078 -10.9% 0.0% 0.9% 
Stn13 Little Snake River near Lily, CO 466 558 19.6% 0.0% 0.2% 
Stn14 Duchesne River near Randlett, UT 778 872 12.1% 0.0% 1.3% 
Stn15 White River near Watson, UT 557 516 -7.2% 0.0% 1.0% 
Stn16 Green River at Green River, UT 5,397 5,234 -3.0% 0.0% 1.0% 
Stn17 San Rafael River near Green River, UT 161 262 62.2% 0.0% -1.3% 
Stn18 San Juan River near Archuleta, NM 1,028 867 -15.7% 0.0% -0.8% 
Stn19 San Juan River near Bluff, UT 1,953 1,835 -6.0% 0.0% -0.7% 
Stn20 Colorado R at Lees Ferry, AZ 14,673 14,839 1.1% 0.0% 0.3%  

 

5.0 VIC-simulated Hydrologic Fluxes 
Although the primary result of the VIC modeling is streamflow for use in Colorado River system 
modeling, the model also produces hydrologic fluxes that are important in describing the causes 
of changes in streamflows. This section provides details on the methods and use of such 
hydrologic fluxes.  

5.1 Climate and Gridded Hydrologic Process Analysis Methods 
Gridded climate and hydrologic process data were generated by the VIC model for the historical 
and the 112 climate projection scenarios. These data were converted to a specialized format, 
allowing for statistical analysis and visualization via spatial mapping. This analysis was 
performed to better understand the primary factors, both climatological and hydrological, that 
drive projected changes in streamflows relative to historical conditions.  
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5.2 Production of Gridded Data Sets 
In addition to streamflows, the VIC model exports climate and hydrologic data for each 
simulation. The climate data include average air temperature (degrees Celsius [°C]) generated 
during the model simulations and precipitation (millimeters [mm]), which is consistent with the 
data provided in the model input files. Hydrologic parameters include ET, runoff (surface 
runoff), baseflow (subsurface runoff), soil moisture (in each of three soil layers), and snow water 
equivalent (SWE). Both the climate and hydrologic data are stored in American Standard Code 
for Information Interchange-formatted text files known as “flux files.” One flux file is produced 
for every grid cell of the Study Area, and each file contains values for the specified parameters at 
every time step of the simulation. 

The flux file output generated by the VIC model was converted to network common data format 
(netCDF) to more readily evaluate and visualize the data. Developed by the staff at the Unidata 
Program Center in Boulder, Colorado, netCDF is a machine-independent data format for array-
oriented (i.e., multi-dimensional) scientific data. In particular, netCDF is well suited to spatially 
gridded time series data, such as gridded climate data. Unidata has developed a variety of 
software libraries and tools that support the creation, manipulation, and analysis of multi-
dimensional data. Unidata’s netCDF-Java library was used to develop an application-specific 
Java program to convert the VIC flux files from American Standard Code for Information 
Interchange format to netCDF format.  

The resulting netCDF files are each three-dimensional, defined by latitude, longitude, and time. 
The spatial extent of the hydrologic basin spans from latitude 31.3125° to 43.4375° North and 
from longitude 115.6875° to 105.6875° West. Given a grid cell size of 1/8th-degree, the latitude 
dimension spans 98 grid cells and the longitude dimension spans 81 grid cells, for a total 7,938 
grid cells. The temporal extent of the data is from 1950 to 2099. Given a monthly time step, the 
time dimension consists of 1,800 values.  

The complete list of parameters included in the netCDF files is as follows:  

• Average air temperature (°C) 
• Precipitation (mm) 
• ET (mm) 
• Potential ET (mm) 
• ET Efficiency (percent) 
• Runoff (surface) (mm) 
• Baseflow (subsurface) (mm) 
• Total Runoff (mm) 
• Total Runoff Efficiency (percent)  
• Soil Moisture Sum (mm) 
• Maximum Soil Moisture (mm) 
• Soil Moisture Fraction (percent) 
• SWE (mm)  

One netCDF file was produced for each climate projection and for the historic scenario, for a 
total of 113 netCDF files.  
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5.3 Statistical Analysis 
To quantify potential changes between historical and future time periods, the VIC output data 
were statistically evaluated. For each historical and future time period of interest, statistics were 
developed for the consolidated dataset consisting of all 112 projections, such that the resulting 
statistics are representative of the 112-member ensemble. Statistics were generated for a subset 
of the VIC output parameters and derived parameters described previously. The eight parameters 
evaluated are as follows: 

• Average air temperature (°C) 
• Precipitation (mm) 
• ET (mm) 
• ET Efficiency (percent)  
• Total Runoff (mm) 
• Total Runoff Efficiency (percent)  
• Soil Moisture Fraction (percent) 
• SWE (mm) 

A Java program was developed to process the VIC model output data stored in the netCDF files 
described previously. The Java program relies heavily on the netCDF-Java library, and on the 
Descriptive Statistics package of the Apache Commons math library. The statistics generated for 
each parameter include the mean, standard deviation, variance, skew, minimum, and maximum. 
In addition, the CDF for each time period was produced. A CDF describes the probability that a 
data point will be found at a value less than or equal to some value, “x.” For this analysis, “x” 
values corresponding to all integer percentiles from 1 to 100 (inclusive) were generated for each 
cumulative distribution function.  

5.3.1 Analysis Time Periods 
Three future periods were selected for comparison to the historical period. Each period, 
including the historical, consists of 30 years and is identified by the representative middle value 
that defines that period. For example, the historical period consists of the years 1971 to 2000, 
and is represented by the year 1985. The historical period of 1971 to 2000 was selected as the 
reference climate because it was the established climate normal used by the National Oceanic 
and Atmospheric Administration at the onset of the Study. The three future periods selected for 
analysis were 2011 to 2040 (represented by the year 2025), 2041 to 2070 (represented by the 
year 2055), and 2066 to 2095 (represented by the year 2080). Because the last year of the climate 
projections is 2099, which is 1 year short of a 30-year period starting in 2071, the end year 
selected for the 2080 period was 2095. Therefore, the 2080 period includes 5 years of overlap 
(2066 to 2070) with the 2055 period. For each of the four time periods specified, the 
representative statistics described previously were generated on a monthly, seasonal, and annual 
basis. In this analysis, the seasons are defined as follows: 

• Fall: October, November, and December 
• Winter: January, February, and March 
• Spring: April, May, and June 
• Summer: July, August, and September 
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5.3.2 Analysis Spatial Scale 
The statistical analysis described previously was conducted on both a grid cell and watershed 
basis. The results of the grid cell analysis produce the most informative map graphics and clearly 
show spatial variation at the greatest resolution possible. At this spatial scale, the statistics for 
each grid cell are developed independently.  

In contrast, watershed statistics are developed concurrently for all grid cells that are members of 
a watershed unit. In this case, a time series of watershed data was generated for each parameter 
prior to conducting the statistical analysis. For a given watershed, this was done by averaging the 
values of all member grid cells for each time step of the simulation period. The statistical 
analysis was then applied to the watershed time series, such that the resulting values are 
representative of the watershed as a whole. The watershed analysis results in a more manageable 
set of outputs and is useful for evaluating trends in different regions of the basin.  

5.3.3 Statistical Analysis Output 
The resulting statistics were stored in four-dimensional netCDF files, which are defined by 
latitude, longitude, time, and statistic. The spatial extent of the Study Area spans from latitude 
31.3125 ° to 43.4375 °North and from longitutde 115.6875 ° to 105.6875 °West. Given a grid 
cell size of 1/8th-degree, the latitude dimension spans 98 grid cells and the longitude dimension 
spans 81 grid cells, for a total 7,938 grid cells. The temporal extent of the data consisted of 
17 values, each of which represents a monthly (1 to 12), annual (13), or seasonal (14 to 17) 
analysis time. The “statistic” dimension contains 111 values. The first 100 values are integer 
percentiles corresponding to the CDF distribution. The last 11 values represent the general 
statistics—mean, standard deviation, variance, skewness, minimum, P10, P25, P50, P75, P90, 
and maximum. Two netCDF files were produced for each of the four time periods—one for the 
grid cell-based statistics and one for the watershed-based statistics. Each netCDF file contains 
statistics representative of the 112-member projection ensemble for each of the eight 
climatological and hydrologic parameters identified previously. For watershed statistics, text 
files containing the general statistics and CDF values are also produced for each variable and 
time period. This output allows for ready production of spreadsheet charts, such as those 
presented in the results section.  

5.3.4 Change Metrics 
Finally, change metrics were generated for each parameter, in which the difference between 
future period statistics and historical period statistics were calculated on both absolute and 
percent change bases. These results are again stored in netCDF files, with two files generated for 
each future period—one for grid cell data and one for watershed data. The format of these files is 
identical to those containing the results of the statistical analysis. 

6.0 VIC Model Limitations 
The VIC model and simulations described in this appendix include several limitations that 
should be considered:  

• Although the VIC model contains several sub-grid mechanisms, the coarse-grid scale should 
be noted when considering results and analysis of local-scale phenomenon. The VIC model is 
currently best applied for the regional scale hydrologic analyses.  
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• The VIC model has been applied without re-calibration. As the results suggest, the model is 
reasonable for capturing flow changes at the larger watersheds in the Basin, but has 
significant bias at smaller scales. The streamflow bias correction method corrects for much of 
the bias, but improved VIC calibration would limit the extent of these adjustments.  

• The VIC model has been evaluated for monthly and annual time-scales, but daily results have 
not been assessed. Caution should be exercised with the use of any daily results due to issues 
related to daily weather generation of inputs, lack of hydrology model evaluation, and 
inherent limitations with climate bias correction for extreme events.  

• The VIC model is only as good as its inputs. There are several limitations to long-term 
gridded meteorology related to data, spatial-temporal interpolation, and bias correction that 
should be considered. In addition, the inputs to the model do not include any transient trends 
in the vegetation or water management that may affect streamflows; they should only be 
analyzed from a naturalized flow change standpoint.  

• Finally, the VIC model includes three soil zones to capture the vertical movement of soil 
moisture, but does not include groundwater. In areas where groundwater connectivity with 
surface process or streamflow is important, the VIC model may not have sufficient 
subsurface characterization to capture hydrologic responses.  
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Appendix B5 — Supplemental Streamflow 
Analysis 

The streamflow analyses presented in this appendix provide additional supporting information 
consistent with that provided in the Technical Report. The streamflow analysis, as described 
here, was based on reconstructed natural flows in the Colorado River Basin (Basin). The data 
consist of two historical datasets. The first dataset (referred to as the observed record) consists of 
monthly observed natural flows for the period October 1905 to September 2007. The second 
dataset (referred as the paleo record) consists of monthly flows reconstructed from tree ring 
analysis for the period October 761 to September 2005. 

The observed record was provided in the total flows format (flows accumulating from upstream  
to downstream locations) and intervening format (single watershed flows). The paleo record was 
provided in an intervening format and had to be accumulated from upstream to downstream  
basins to obtain a total flows format. 

1.0 Streamflow Data Summary 
Streamflow was analyzed for the 29 natural flow stations that serve as the primary inflow 
locations for the Colorado River Simulation System model. A spreadsheet tool was constructed 
to provide an interactive environment to explore the temporal and spatial characteristics of  
streamflow in the Basin, as shown in figure B5-1. The features of this visual summary are 
described as follows: 

A.  Table of Statistics: The table includes statistics (Stat1 and Stat2) for two periods in columns 
that represent the absolute and percentage difference between the two time periods. The Stat1 
and Stat2 columns present the long-term water year streamflow average for the two periods. 
The “Annual” statistic block shows the minimum and the maximum observed for the 1-year 
totals and 3-, 5-, 10-, 20-, and 30-year moving averages, followed by the year that the value 
was observed (e.g., the line “3yr Min (WYear) 7370 (1847)” represents a minimum value of 
7,370 thousand acre-feet (kaf) per year for a 3-year moving average time series ending in the 
year of 1847). The “Monthly statistics” section shows the monthly streamflow averages for 
each month, followed by the seasonal statistics (average, standard deviation, and amplitude  
[maximum-minimum]). The amplitude accounts for all seasons; for example, for amplitude  
October, November, and December (OND), the value on the table is computed as the 
maximum flow observed in an OND season minus the minimum flow observed in an OND 
season. The minimum and the maximum do not necessarily occur in the same water year.  

B.  Average Monthly Streamflow Graphic: Average monthly streamflow (kaf) is shown for the 
water year over the time periods. The data used for this plot are also presented in the Table of 
Statistics as Stat1 (solid line) and Stat2 (dashed line). This graphic can be used to assess 
monthly and seasonal shifts in streamflow from the comparison periods. 
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FIGURE B5-1 
Summary Graphic for Colorado River at Lees Ferry, Arizona Displaying Streamflow, Annual Exceedance Probabilities, Streamflow Deficits and Surpluses, and Drought Duration, 
Magnitude and Intensity 
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C. Annual Streamflow Box and Whiskers Graphic: This plot illustrates annual streamflow 
variability for the two time periods. The box represents the range of half of annual observed 
flows (inter-quartile range between 25th and 75th percentile). The triangle represents the 
median, and the horizontal lines at the top of the vertical line represent the period of record 
maximum and minimum annual values. This graphic can be used to assess trends in period 
streamflow variability and volumes. 

D. Table of Statistics: The table includes statistics (Stat1 and Stat2) for two periods in columns 
that represent the absolute and percentage difference between the two time periods. The Stat1 
and Stat2 columns present the long-term water year streamflow average for the two periods. 
The “Annual” statistic block shows the minimum and the maximum observed for the 1-year 
totals and 3-, 5-, 10-, 20-, and 30-year moving averages, followed by the year that the value 
was observed (e.g., the line “3yr Min (WYear) 7370 (1847)” represents a minimum value of 
7,370 kaf per year for a 3-year moving average time series ending in the year of 1847). The 
“Monthly statistics” section shows the monthly streamflow averages for each month, 
followed by the seasonal statistics (average, standard deviation, and amplitude [maximum-
minimum]). The amplitude accounts for all seasons; for example, for amplitude October, 
November, and December (OND), the value on the table is computed as the maximum flow 
observed in an OND season minus the minimum flow observed in an OND season. The 
minimum and the maximum do not necessarily occur in the same water year. 

E. Average Monthly Streamflow Graphic: Average monthly streamflow (kaf) is shown for the 
water year over the time periods. The data used for this plot are also presented in the Table of 
Statistics as Stat1 (solid line) and Stat2 (dashed line). This graphic can be used to assess 
monthly and seasonal shifts in streamflow from the comparison periods. 

F. Annual Streamflow Box and Whiskers Graphic: This plot illustrates annual streamflow 
variability for the two time periods. The box represents the range of half of annual observed 
flows (inter-quartile range between 25th and 75th percentile). The triangle represents the 
median, and the horizontal lines at the top of the vertical line represent the period of record 
maximum and minimum annual values. This graphic can be used to assess trends in period 
streamflow variability and volumes. 

G. Annual Streamflow Exceedance Graphic: This plot presents the full range of probabilities of 
exceeding a given streamflow for two selected periods. The plot is equivalent to the box and 
whiskers plot but provides probabilities ranging from zero to 100 percent. This graphic can 
be used to assess trends in period streamflow variability and volumes. For example, at the 
Lees Ferry, Arizona, location, 90 percent of the years had streamflows exceeding 10,000 kaf 
for both periods. 

H. Deficit Related Statistics – Exceedance Plots: The deficit statistics are illustrated in three 
charts: duration, magnitude, and intensity. The statistics presented in these charts refer only 
to deficit periods defined as only the years when streamflows were below the specified 
threshold. The “percentage of all years in a deficit” takes into account all years in the time 
period and determines how many were within a “deficit.” Below is a more detailed 
description of the deficit related statistics. 



 
 

The average streamflow for each time period is the default threshold to define deficit or 
surplus periods (e.g., a sequence of years with streamflows below the average is considered a 
deficit period). 

Duration: The duration chart presents the exceedance probability of deficit duration in years. 
For example, the chart illustrates that at Lees Ferry, 30 percent of the years defined as deficit 
years (only deficit years) had a deficit that lasted or exceeded 3 years in duration.  

Magnitude: The magnitude of a deficit (kaf) corresponds to the cumulative difference 
between observed streamflows and long-term  average streamflows for an uninterrupted 
drought period. The exceedance plot shows the probability of a deficit to exceed a certain 
magnitude based on observed flows. 

Intensity: Deficit intensity is presented as magnitude divided by duration. The chart presents 
the exceedance probabilities for two selected periods. 

2.0 Streamflow Data Summaries 
Sample streamflow data summaries are provided in the following pages for the following natural 

flow stations: 


  Figure B5-2: Colorado River at Lees Ferry, Arizona (Station 20) 

  Figure B5-3: Green River at Green River, Utah (Station 16) 

  Figure B5-4: Colorado River near Cisco, Utah (Station 8) 

  Figure B5-5: San Juan River near Bluff, Utah (Station 19) 

  Figure B5-6: Colorado River above Imperial Dam, Arizona (Station 29) 
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FIGURE B5-2 
Streamflow Data Summary for Colorado River at Lees Ferry, Arizona, Natural Flows 
Based on historical 1906–2007 data. 
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FIGURE B5-3 
Streamflow Data Summary for Green River at Gre  en River, Utah, Natural Flows 
Based on historical 1906–2007 data. 
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FIGURE B5-4 
Streamflow Data   Summary for Colorado River near Cisco, Utah, Natural Flows 
Based on historical 1906–2007 data. 
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FIGURE B5-5 
Streamflow Data Summary for San Juan River near Bluff, Utah, Natural Flows  
Based on historical 1906–2007 data. 
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FIGURE B5-6 
Streamflow Data Summary for Colorado River above Imperial Dam, Arizona, Natural Flows 
Based on historical 1906–2007 data. 
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and Hydrologic Process Changes 

The results of the watershed-based statistical analysis of the Variable Infiltration Capacity model 
output (climatological and hydrologic parameters) are presented for a subset of the Colorado 
River Basin (Basin) watersheds. The selected watersheds span the geographic range of the Basin. 
One group of watersheds was selected from the Upper Basin, and each of these watersheds 
contains the headwaters of a significant river. A second group of watersheds was selected from  
the Lower Basin, and each contains a streamflow station of significance. The selected watersheds 
are as follows: 

Upper Basin 

  01 – Colorado River at Glenwood Springs, Colorado 
  04 – Gunnison River at Blue Mesa Reservoir, Colorado 
  09 – Green River below Fontenelle Reservoir, Wyoming 
  12 – Yampa River near Maybell, Colorado 
  13 – Little Snake River near Lily, Colorado 
  18 – San Juan River near Archuletta, New Mexico 
  20 – Colorado River at Lees Ferry, Arizona 

Lower Basin 

  25 – Colorado River below Hoover Dam, Arizona-Nevada 
  29 – Colorado River Above Imperial Dam, Arizona 

Figures B6-1 through B6-9 depict the relative changes in monthly precipitation, temperature, 
evapotranspiration, runoff, snow water equivalent, and soil moisture for these selected 
watersheds. Separate lines depict the changes for the periods 2011 to 2040 (2025), 2041 to 2070 
(2055), and 2066 to 2094 (2080) as compared to the base period 1971 to 2000 (1985). 
Hydrologic variables were produced using Variable Infiltration Capacity as driven by 
downscaled climate model forcings. The selection of time periods is explained in appendix B5. 

Figures B6-10 through B6-21 are spatial plots of the changes in these parameters for four 
seasons. The seasons are defined as: Fall (October, November, and December [OND]); Winter 
(January, February, and March [JFM]); Spring (April, May, and June [AMJ]); and Summer 
(July, August, and September [JAS]). Separate figures have been provided for the three future 
periods. 
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FIGURE B6-1 
Projected Change in Mean Monthly Climatological and Hydrologic Parameters 
01 – Colorado River at Glenwood Springs, Colorado 
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FIGURE B6-2 
Projected Change in Mean Monthly Climatological and Hydrologic Parameters 
04 – Gunnison River at Blue Mesa Reservoir, Colorado 
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FIGURE B6-3 
Projected Change in Mean Monthly Climatological and Hydrologic Parameters 
09 – Green River below Fontenelle Reservoir, Wyoming 
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FIGURE B6-4 
Projected Change in Mean Monthly Climatological and Hydrologic Parameters  
12 – Yampa River near Maybell, Colorado 
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FIGURE B6-5 
Projected Change in Mean Monthly Climatological and Hydrologic Parameters 
13 – Little Snake River near Lily, Colorado 
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FIGURE B6-6 
Projected Change in Mean Monthly Climatological and Hydrologic Parameters 
18 – San Juan River near Archuletta, New Mexico 
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FIGURE B6-7 
Projected Change in Mean Monthly Climatological and Hydrologic Parameters 
20 – Colorado River at Lees Ferry, Arizona 
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FIGURE B6-8 
Projected Change in Mean Monthly Climatological and Hydrologic Parameters 
25 – Colorado River below Hoover Dam, Arizona-Nevada 
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FIGURE B6-9 
Projected Change in Mean Monthly Climatological and Hydrologic Parameters 
29 – Colorado River Above Imperial Dam, Arizona 
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Climate and Hydrologic Process Changes 

FIGURE B6-10 
Projected Percent Change in Mean Seasonal Precipitation  
2025 (2011–2040) versus 1985 (1971–2000). 
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FIGURE B6-11 
Projected Change in Mean Seasonal Air Temperature 
2025 (2011–2040) versus 1985 (1971–2000). Change shown in degrees Celsius (°C). 
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Appendix B6 — Watershed-based 
Climate and Hydrologic Process Changes 

FIGURE B6-12 
Projected Percent Change in Mean Seasonal Evapotranspiration 
2025 (2011–2040) versus 1985 (1971–2000). 
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FIGURE B6-13 
Projected Percent Change in Mean Seasonal Runoff  
2025 (2011–2040) versus 1985 (1971–2000). 
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Appendix B6 — Watershed-based 
Climate and Hydrologic Process Changes 

FIGURE B6-14 
Projected Percent Change in Mean Seasonal Precipitation  
2055 (2041–2070) versus 1985 (1971–2000). 
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FIGURE B6-15 
Projected Change in Mean Seasonal Air Temperature 
2055 (2041–2070) versus 1985 (1971–2000). Change shown in degrees Celsius (°C). 
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Appendix B6 — Watershed-based 
Climate and Hydrologic Process Changes 

FIGURE B6-16 
Projected Percent Change in Mean Seasonal Evapotranspiration 
2055 (2041–2070) versus 1985 (1971–2000). 
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FIGURE B6-17 
Projected Percent Change in Mean Seasonal Runoff  
2055 (2041–2070) versus 1985 (1971–2000). 
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Climate and Hydrologic Process Changes 

FIGURE B6-18 
Projected Percent Change in Mean Seasonal Precipitation  
2080 (2066–2095) versus 1985 (1971–2000). 
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FIGURE B6-19 
Projected Change in Mean Seasonal Air Temperature 
2080 (2066–2095) versus 1985 (1971–2000). Change shown in degrees Celsius (°C). 
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Climate and Hydrologic Process Changes 

FIGURE B6-20 
Projected Percent Change in Mean Seasonal Evapotranspiration 
2080 (2066–2095) versus 1985 (1971–2000). 
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FIGURE B6-21 
Projected Percent Change in Mean Seasonal Runoff  
2080 (2066–2095) versus 1985 (1971–2000). 
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Technical Report C — 
Water Demand 
Assessment 

Key Terms Used in this 
Technical Report 
• Hydrologic Basin – the 

geographic region naturally 
draining to the Colorado River. 

• Adjacent Area – geographic 
regions outside the Colorado River 
hydrologic basin that receive 
Colorado River water. 

• Study Area – the hydrologic 
boundaries of the Colorado River 
Basin within the United States, 
plus the adjacent areas of the 
Basin States that receive Colorado 
River water. 

• Demand – water needed to meet 
identified uses.  

• Diversion – water withdrawn 
from the river system. 

• Return Flow – water diverted 
from and returned to the river 
system. 

• Consumptive Use – water used, 
diminishing the available supply.  

• Non-consumptive Use – water 
used without diminishing the 
available supply. 

• Loss – water unavailable for 
identified uses due to 
reservoir/channel evaporation, 
phreatophyte use, and operational 
inefficiencies. 

• Other Supplies – water supplies 
other than Colorado River 
Simulation System (CRSS) 
simulated Colorado River water 
supplies that may meet demand. 

• Parameter – a variable that 
affects a demand category (for 
example, population). 

• Colorado River Demand –
Colorado River demand as 
computed by Study Area demand 
minus other supplies. 

1.0 Introduction 
The Colorado River Basin Water Supply and Demand 
Study (Study), initiated in January 2010, was conducted 
by the Bureau of Reclamation’s (Reclamation) Upper 
Colorado and Lower Colorado regions, and agencies 
representing the seven Colorado River Basin States 
(Basin States) in collaboration with stakeholders 
throughout the Colorado River Basin (Basin). The 
purpose of the Study is to define current and future 
imbalances in water supply and demand in the Basin and 
the adjacent areas of the Basin States that receive 
Colorado River water over the next 50 years (through 
2060), and to develop and analyze adaptation and 
mitigation strategies to resolve those imbalances. The 
Study contains for major phases to accomplish this goal: 
Water Supply Assessment, Water Demand Assessment, 
System Reliability Analysis, and Development and 
Evaluation of Options and Strategies for Balancing 
Supply and Demand. 

Spanning parts of the seven states of Arizona, California, 
Colorado, New Mexico, Nevada, Utah, and Wyoming, 
the Colorado River is one of the most critical sources of 
water in the western United States. The Colorado River 
is also a vital resource to the United Mexican States 
(Mexico). It is widely known that the Colorado River, 
based on the inflows observed over the last century, is 
over-allocated and supply and demand imbalances are 
likely to occur in the future. Up to this point, this 
imbalance has been managed, and demands have largely 
been met as a result of the considerable amount of 
reservoir storage capacity in the system, the fact that the 
Upper Basin States are still developing into their 
apportionments, and efforts the Basin States have made 
to reduce their demand for Colorado River water. 

Concerns regarding the reliability of the Colorado River 
system to meet future needs are even more apparent 
today. The Basin States include some of the fastest 
growing urban and industrial areas in the United States. 
At the same time, the effects of climate change and 
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variability on the Basin water supply has been the focus of many scientific studies which project 
a decline in the future yield of the Colorado River. Increasing demand, coupled with decreasing 
supplies, will certainly exacerbate imbalances throughout the Basin.  

It is against this backdrop that the Study was conducted to establish a common technical 
foundation from which important discussions can begin regarding possible strategies to reduce 
future supply and demand imbalances. The content of this report is a key component of that 
technical foundation and describes the Study’s assessment of water demand.  

The amount of water available and the progression of demand for water in the Basin (and the 
adjacent areas of the Basin States that receive Colorado River water) over the next 50 years are 
highly uncertain and dependent upon a number of socioeconomic and other factors. The potential 
impacts of future climate variability and climate change further contribute to these uncertainties. 
To analyze the future reliability of the Colorado River system, with and without adaption and 
mitigation strategies, projections of water supply and demand were necessary. These projections 
needed to be sufficiently broad to capture the plausible ranges of uncertainty in future water 
supply and water demand to ensure that the reliability of the Colorado River system was 
adequately analyzed. 

The Water Demand Assessment examined the quantity and location of current and future water 
demands in the Study Area. These water demands were derived from the needs of various uses, 
including municipal and industrial (M&I) use, hydropower generation, recreation, and fish and 
wildlife habitat. In addition, losses in the Study Area due to evaporation and other factors were 
assessed. Because future water supply and demand throughout the Study Area are uncertain, 
scenarios were developed that are sufficiently broad to span that uncertainty, including the 
potential effects of future climate change. The water demand scenarios, coupled with water 
supply scenarios (see Technical Report B – Water Supply Assessment) were used to analyze the 
future reliability of the Colorado River system, with and without future adaptation and mitigation 
strategies. 

Numerous organizations participated in the Water Demand Assessment, including 
representatives of Reclamation, the Basin States, federally-recognized tribes (tribes), 
conservation organizations, and others interested in the Basin. A Water Demand Sub-Team was 
assembled to provide input and assist in completion of this report. Members of the Water 
Demand Sub-Team are listed in appendix C1. 

This technical report presents historical water demand in the Study Area, the Study’s approach to 
water demand scenario development and quantification, and the results of quantifying water 
demand for a range of future demand scenarios within the Study Area. The Study Area 
encompasses the hydrologic boundaries of the Basin within the United States, plus the adjacent 
areas of the Basin States that receive Colorado River water (figure C-1). Water demand is 
presented by use category, including a compilation of demand information by tribe. 
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FIGURE C-1 
The Study Area 
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2.0 Background 

2.1 State Water Planning 
Each of the Basin States has a statewide water planning process in place for estimating future 
water supply and demand. These processes typically project demand based on planning regions 
that are associated with the hydrologic basins of that state. In most states, demand is developed 
based on parameters in a similar manner employed in the Study. For example, Wyoming’s Green 
River Basin Plan projects future M&I demand by projecting population under “low,” “medium,” 
and “high” growth scenarios provided by the Wyoming Division of Economic Analysis (States 
West Water Resources Corporation, 2001). These population data are coupled with per capita 
water use estimates to arrive at future M&I demand. Similarly, agricultural demand is based on 
projections of future irrigated crop acreage, estimates of crop irrigation requirements, and losses.  

Parameter and demand estimates for the Study were provided by the Basin States and were 
generally derived from the states’ planning processes or, in some cases, the planning of 
individual water agencies such as the Southern Nevada Water Authority (SNWA) and 
Metropolitan Water District of Southern California (MWD). Because the Basin States and 
agencies are tasked with water planning and management of their respective areas, they have the 
most detailed knowledge of current and potential future demand for Colorado River water. 
Because of this knowledge and planning responsibility, information developed and provided by 
these agencies was heavily relied upon in the completion of this assessment. Where appropriate, 
other regional data and studies were consider and used to augment the assessment. 
Appendices C2 through C8, (Colorado, New Mexico, Utah, Wyoming, Arizona, California, 
Nevada, respectively) of this technical report presents detail about the assumptions and data 
sources used for each state in this demand assessment.  

2.2 Other Studies 
As part of the demand scenario quantification process, several studies were reviewed to provide 
information on the regional trends in water use or parameters affecting water use.  

This information was provided to the Basin States to assist in demand scenario quantification 
where local information may not have been available, or where the range of parameter 
characteristics had not been previously assessed in state or water agency plans. For example, in 
the development of demand projections for the San Juan planning area in New Mexico, it was 
found that the San Juan Regional Water Plan did not include a range of estimates of population 
for this region. To examine high- and low-growth scenarios, a range of population projections for 
New Mexico was developed from U.S. Census data.  

Regional and national studies consulted include: 

• Population Projections: U.S. Census Bureau Projections (U.S. Census Bureau, 2010), U.S. 
Population Projections 2005–2050 (Pew Research Center, 2010), and World Population 
Prospects 2010 Revision (United Nations Department of Economic and Social Affairs, 2010). 
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• Municipal Water Use: North American Water Use Trends Since 1992 (Water Research 
Foundation, 2010), Residential Water Use Trends in North America (Rockaway et al., 2011), 
20x2020 Water Conservation Plan (California Department of Water Resources, 2010), Growing 
Toward More Efficient Water Use (U.S. Environmental Protection Agency, 2010) and 
Municipal Deliveries of Colorado River Basin Water (Pacific Institute, 2011). 

• Irrigated Acreage and Agricultural Water Use: Agricultural Resources and Environmental 
Indicators (U.S. Department of Agriculture, 2010) and Estimated Use of Water in the United 
States reports (U.S. Geological Survey, 2009).  

• Energy Water Use: Energy-Water Nexus, A Better and Coordinated Understanding of Water 
Resources Could Help Mitigate the Impacts of Potential Oil Shale Development, (General 
Accounting Office, 2010), State Electricity Profiles (U.S. Department of Energy, 2009). 

2.3 Federally Recognized Tribes 
Tribes hold quantified rights to a significant amount of water from the Colorado River and its 
tributaries (approximately 2.9 million acre-feet [maf] of annual diversion rights). In many cases, 
these rights are senior in priority to those held by other users. Therefore, representing these rights 
and the associated demand was a critical component to assessing future water demand in the 
Basin. An additional component of future demand was an assessment of demands by tribes that 
have unquantified rights or claims. Where information on these unquantified rights or claims was 
provided by tribes, it was included in the Study, as appropriate; however, this information is not 
reflected in future tribal water demand projections.1 

Based on quantified rights and with additional input from tribes, future demand for water by 
tribes in the Basin was quantified by the Study. The term “quantified rights”, as used in the 
context of the Study, is defined as the quantity of water rights reserved by or granted to tribes by 
federal court decrees, state court decrees, treaties, agreements, and Executive Orders.  

The United States has a trust responsibility to protect and maintain rights reserved by or granted to 
tribes by federal court decrees, state court decrees, treaties, agreements, and Executive Orders. The 
Indian Trust Assets entitled to protection under the trust responsibility include tribes’ federally 
reserved water rights. A tribe may also have other off-reservation interests and concerns that must 
be taken into account. 

Each tribe’s water rights determination is multifaceted and contains numerous provisions. The 
information in this report is limited to the United States’ obligations with regard to current and 
future Colorado River water delivery to tribes, including tributaries in the Upper Basin. 
The information in this report is not intended to provide an interpretation of the water rights of 
any tribe. 

Throughout the Study, Reclamation met with tribes in the Upper Colorado River Basin, Lower 
Colorado River mainstem, and tribes served by water provided (directly or pursuant to exchanges) 
through the Central Arizona Project (CAP) facilities under contracts between tribes and the United 
States (see the Tribal discussion in the Colorado River Water Demand by Category section). In 
addition, Reclamation worked collaboratively with the Ten Tribes Partnership (Partnership), whose 
members have landholdings in the Upper and Lower Basins through which the Colorado River and 
                                                 
1 Demands provided by the Navajo Nation include both quantified and unquantified rights. See Appendix C-9 for more detail.  
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various tributaries flow, as well as the Inter Tribal Council of Arizona (ITCA), whose members are 
the governments of 20 tribes with land in Arizona. Additional information on tribal rights and 
projected future demand is provided in appendix C9. 

2.4 Summary of Trends in Historical Water Use 
Reclamation’s Consumptive Uses and Losses Reports2 (CU&L Reports) (Reclamation, 2005, 
2012a, 2012b, 2012c) and Colorado River Accounting and Water Use Reports (Reclamation, 
1971–2011), and Reclamation estimates demonstrate an increasing trend in Colorado River water 
use over the historical period 1971 to 2011. Details of historical water use by state can be found 
in appendix C10. Study Area consumptive uses and losses (including deliveries to Mexico 
pursuant to the 1944 treaty3) have grown from approximately 13 maf to over 15 maf, an increase 
of about 14 percent. Figure C-2 shows historical Colorado River water use by each state, water 
use by Mexico, reservoir evaporation, and other losses. Figure C-3 shows the same information 
as figure C-2 grouped by Upper and Lower Basin, water use by Mexico, reservoir evaporation, 
and other losses. Figure C-4 presents historical Colorado River uses and losses by category. 
From this figure, trends of increasing M&I water use and stable to decreasing agricultural water 
use can be seen, consistent with the population and irrigated acreage trends of the Southwest. 

M&I water use has increased over time as a result of continued population growth in the Basin 
States. The Basin States include some of the most rapidly growing areas of the United States and 
typically have had growth rates far exceeding the national average. While population growth has 
slowed in recent years, the projections for the region continue to remain higher than the national 
average (U.S. Census Bureau, 2010). Significant decreases in per capita water use, largely due to 
improvements in indoor fixtures and appliances, have partially offset the water demands 
associated with increases in population.  

Agricultural water use has been relatively stable in recent years, with some reductions likely due 
to the recent drought. Some reductions in irrigated acreage have occurred in the Basin, consistent 
with trends in the western United States, and appear to be associated with economic conditions, 
supply limitations, and pressures from urban encroachment due to land use changes and water 
transfers. Continued population growth is expected to continue these recent pressures on 
agriculture lands and water use. 

Water use for energy purposes has grown over time, generally consistent with population 
growth. The growth in population has translated into increased energy demands in the Southwest 
with energy supply importation from other areas and expanding use of renewable energy. This 
growth in energy demands has been partially offset through federal and local energy 
conservation incentive programs. 

Because historical tribal water use was not explicitly recorded as part of consumptive uses and 
losses reporting, the tribal uses have been incorporated into other applicable categories. 
However, for the projections of future demand, tribal demands are generally considered in a 
separate category. 

                                                 
2 Some states produce independent estimates of consumptive uses and losses. For consistency, Reclamation-estimated historical consumptive use 

and loss are presented in this technical report.  
3 Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande, Treaty between the United States and Mexico, 1944. 
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FIGURE C-2 
Historical Colorado River Water Consumptive Use1 and Loss by State, Mexico, Reservoir Evaporation2, and Other Losses3, 
1971–2010 

 
1 Excluding consumptive use in Lower Basin tributaries. 
2 Reservoir evaporation losses are accounted differently in the Upper and Lower Basin. In the Upper Basin, reservoir 
evaporation losses are accounted as part of each state’s total uses. In the Lower Basin, reservoir evaporation losses 
are accounted separately from each state’s uses. Reservoir evaporation losses from Upper and Lower Basin 
reservoirs have been aggregated for this presentation. 
3 Phreatophyte and operational inefficiency losses. 
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FIGURE C-3 
Historical Colorado River Water Consumptive Use1 and Loss by Basin, Mexico, Reservoir Evaporation2, and Other Losses3, 
1971–2010 

 
1 Excluding consumptive use in Lower Basin tributaries. 
2 Reservoir evaporation losses are accounted differently in the Upper and Lower Basin. In the Upper Basin, reservoir 
evaporation losses are accounted as part of each state’s total uses. In the Lower Basin, reservoir evaporation losses 
are accounted separately from each state’s uses. Reservoir evaporation losses from Upper and Lower Basin 
reservoirs have been aggregated for this presentation. 
3 Phreatophyte and operational inefficiency losses. 
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FIGURE C-4 
Historical Colorado River Water Consumptive Use1, Delivery to Mexico, Reservoir Evaporation, and Other Losses2, 
1971–2010 

 
1 Excluding consumptive use in Lower Basin tributaries. Distribution of use by category in some adjacent areas was 
estimated when historical reporting of use within those areas did not contain identical categories as those presented 
here.  
2 Reservoir evaporation losses are accounted differently in the Upper and Lower Basin. In the Upper Basin, reservoir 
evaporation losses are accounted as part of each state’s total uses. In the Lower Basin, reservoir evaporation losses 
are accounted separately from each state’s uses. Reservoir evaporation losses from Upper and Lower Basin 
reservoirs have been aggregated for this presentation. 
3 Phreatophyte and operational inefficiency losses. 

 

2.5 Limitations of Historical Data and Future Commitments 
In the Upper Basin, some states estimate their consumptive uses and losses of Colorado River 
water using different methods from those used by Reclamation. Reclamation and the states are 
continuing to work collaboratively to resolve differences in these estimates. For consistency 
purposes, however, the CU&L Reports (and subsequently, the data presented in this report) use 
Reclamation’s methodologies to estimate consumptive uses and losses for all Upper Basin states, 
with the exception of New Mexico. The New Mexico Interstate Stream Commission provides 
historical consumptive uses and losses estimates to Reclamation for subsequent review and 
publication in the CU&L Reports. 
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In the Lower Basin, Reclamation accounts for consumptive use on the mainstem using a 
“diversion minus return flow” methodology for all water users and publishes that information 
each year in the Water Accounting Reports. The CU&L Reports include information taken from 
the Water Accounting Reports for mainstem Lower Basin use and also estimate consumptive 
uses and losses in the Lower Basin tributaries (primarily the Little Colorado, Virgin, Bill 
Williams, and Gila rivers). The process of estimating Lower Basin tributary consumptive uses 
and losses has not received a great deal of attention in the past, and the quality of the resulting 
information has suffered (see appendix C11). Because of the issues and problems associated with 
the Lower Basin tributary consumptive uses and losses data, the historical consumptive uses and 
losses data presented in the following sections do not include data from the Lower Basin 
tributaries.  

Furthermore, Reclamation does not use consumptive uses and losses to compute natural flows on 
the Lower Basin tributaries for use in CRSS4. Specifically, CRSS uses historical inflows based 
on U.S. Geological Survey gaged records as estimates of natural flows for the Little Colorado, 
Virgin and Bill Williams rivers. In addition, the Gila River is not included in CRSS. In appendix 
C11, three commitments are made to engage in efforts independent of the Study to enhance the 
capabilities of CRSS:  1) to resolve and correct the methodological and data inconsistencies in 
CU&L Reports pertaining to all of the Lower Basin tributaries, in collaboration with the Basin 
States; and 2) to develop natural flows for the Little Colorado, Virgin, and Bill Williams rivers 
and to modify CRSS to use natural flows for those tributaries; and 3) to explore the feasibility 
and necessity of computing natural flows for the Gila River Basin and adding that tributary to 
CRSS. 

Although some limitations were imposed on the Study by this treatment of the Lower Basin 
tributaries, the Study was able to examine several important issues, including potential climate 
change impacts on the tributaries represented in CRSS, future demand scenarios on those 
tributaries, and future demand scenarios for the Colorado River from the Gila River Basin, 
factoring in other water supplies within that basin (see appendix C11). 

3.0 Water Demand Scenario Development Approach 

3.1 Scenario Planning Approach 
A scenario planning approach was implemented to examine the uncertainty in future water 
supply and demand. Details of this approach are included in Technical Report A – Scenario 
Development. Scenarios are alternative views of how the future might unfold and were used to 
assist in evaluating the effect of key driving forces on future system reliability. Scenarios are not 
predictions or forecasts of the future. Rather, a set of well-constructed scenarios represents a 
range of plausible futures.  

The scenario planning process involved identifying the key driving forces (the factors that likely 
will have the greatest influence on the future state of the system and thereby the performance of 
the system over time), ranking the driving forces as to their relative importance and relative 

                                                 
4 CRSS is the primary modeling tool used in the Study. It simulates the operation of the major Colorado River system reservoirs on a monthly 

time step and provides information regarding the projected state of the system in terms of output variables. Outputs include the amount of 
water in storage, reservoir elevations, releases from the dams, hydropower generation, the amount of water flowing at various points in the 
system, the total dissolved solids content, and diversions to and return flows from the water users in the system. See Technical Report G – 
System Reliability Analysis and Evaluation of Options and Strategies. 
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uncertainty, and associating the highly uncertain and highly important driving forces (critical 
uncertainties) with either water supply or water demand. The top third of figure C-5 provides a 
flowchart of this approach as implemented in the Study.  

The water demand scenarios were then constructed based on alternative views of future demand 
for the Colorado River, considering those critical uncertainties relating to demand. This process 
took place generally following the procedure identified on the right hand side of figure C-5 
labeled “Demand” and included:  1) identification of critical uncertainties; 2) identification of 
parameter ranges (e.g., high and low growth for population); 3) developing storylines that 
provide a cohesive plausible narrative of the future; and 4) quantifying the storylines. The Water 
Demand Sub-Team provided input and helped complete these steps. Appendices C12 and C13 
present the range of parameters by scenario.  

The following scenarios resulted from this process and were used to assess the range of future 
demand:  

• Current Projected (A): Continuation of growth, development patterns, and institutions follow 
long-term trends 

• Slow Growth (B): Slow growth with emphasis on economic efficiency 

• Rapid Growth (C1 and C2): Economic resurgence (population and energy) and current 
preferences toward human and environmental values  

• Enhanced Environment (D1 and D2): Expanded environmental awareness and stewardship 
with growing economy 

Complete narrative descriptions of the scenarios (storylines) are presented in appendix C14. 
Under the storylines, two logical branches or directions were considered for the Rapid Growth 
(C1 and C2) and Enhanced Environment (D1 and D2) scenarios. For example, population growth 
or increasing energy needs and subsequent water demand could be partially offset by associated 
technological innovations influencing water use. The four storylines, with two branches, resulted 
in a total of six water demand scenarios. 
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FIGURE C-5 
Scenario Development Process 
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3.2 Quantification Approach 
The scenario planning approach described previously provided the narrative framework for 
assessing Colorado River demand. Each of the scenarios was subsequently quantified through 
significant input from the Basin States, with additional input provided by tribes, U.S. Fish and 
Wildlife Service (USFWS) personnel, and conservation organizations. Demand for each scenario 
was quantified by estimating values for individual parameters (such as population, irrigated 
acreage, water use efficiencies, etc.) associated with storylines and specific scenario 
assumptions.  

Each Basin State considers many of these parameters in its evaluation of future demand 
projections for its state water planning efforts. Although many planning efforts consider 
alternative scenarios, in most cases those scenarios are not wholly consistent with those 
considered in the Study. To provide consistent demand assumptions with the scenarios 
considered in the Study, the Basin States provided estimates of future demand that align with the 
storylines. These estimates of scenario demand were initially based on existing planning efforts, 
with varying assumptions related to parameters as well as varying planning timeframes 
considered. The estimates were generally modified to reflect the broader range of plausible 
conditions desired in the Study. The trends and projections of population, and trends in water use 
efficiency and agricultural acreage from previous regional studies, were provided to the Basin 
States for consideration and utilized to varying extent in development of demand projections. 
However, in many cases the detail from these previous studies was not sufficient to develop 
planning-area-level estimates as required for the Study. It was also not possible within the scope 
of the Study to develop Basin-wide demand projections based on a fully consistent analytical 
method that would also include the important local differences in factors contributing to water 
demand.  

Consumptive demand for fish and wildlife needs were prepared by the USFWS to reflect the 
range of potential needs for wildlife refuges.  

The demand under each scenario was developed for each of six demand categories: agricultural, 
M&I, energy, mining, fish/wildlife/recreation, and tribal. Demand estimates were developed for 
specific planning areas within each state and then totaled for all planning areas to represent the 
Study Area demand for that state.  

Demand was first developed for areas that may be served by Colorado River water, independent 
of the source of supply. This demand is termed Study Area demand in this technical report; 
however, for many areas outside of the hydrologic basin, a portion of the Study Area demand is 
satisfied by other supplies. To develop estimates of Colorado River demand, the Study Area 
demand was reduced by estimates of available supply from other sources. The distinction 
between Study Area demand and Colorado River demand is particularly important for areas such 
as southern California, portions of Arizona not served by mainstem Colorado River water, the 
Front Range of Colorado, the Wasatch Front of Utah, the San Juan-Chama service areas of New 
Mexico, and the Cheyenne region in Wyoming (figure C-1). For example, M&I demands in 
southern California are served by sources such as the State Water Project, Los Angeles 
Aqueduct, and local surface and groundwater sources that are intermingled with Colorado River 
water. In these areas, parameters such as irrigated acreage and population were developed and 
projected based on a specific geographic area rather than by supply source. As a result, the 
specific population potentially served by Colorado River water could not be directly determined. 



Colorado River Basin  
Water Supply and Demand Study 
 
 

C-14                                                                                                                                          December 2012   

Instead, the total population was used to estimate M&I demand for the geography, and 
information about the availability of other supplies was used to estimate the Colorado River 
demand. Colorado River demand was not limited to individual state apportionments but rather 
reflects projected water needs based on change in demand parameters over time. 

Figure C-6 shows the general approach to quantifying a demand scenario. The storyline, shown 
at the top of figure C-6, was required to begin the approach. The parameter characteristics were 
quantified for that particular storyline and used to quantify demand by category. Summing all the 
categories established the Study Area demand. Colorado River demand was calculated as the 
Study Area demand minus demand potentially met by other supplies.  

Other factors affecting future water demand, such as Mexico’s allotment and losses such as 
riparian use and reservoir evaporation, were not explicitly included in the scenario approach. 
These factors were included in the modeling supporting the system reliability analysis. Non-
consumptive demands were primarily represented through metrics associated with uses such as 
hydropower, recreation, and ecological resources, further discussed in detail in Technical 
Report D – System Reliability Metrics. 

FIGURE C-6 
Approach to Quantifying Demand Scenarios1 

 

1 Mexico’s allotment and losses such as reservoir evaporation, phreatophyte losses, and operational inefficiencies, 
are not included in this approach but will be included in the modeling supporting the system reliability analysis. 
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Table C-1 presents the demand categories, their definitions, and associated parameters collected 
or developed for the Study. The parameter data were collected through communication with and 
requests to the Basin States, tribes, USFWS, and conservation organizations. Information sought 
included changes in parameter data over time, such as population, that were used to develop 
demands by category. Where information on alternative futures was lacking, other references 
were reviewed that provided indications of regional trends.  
TABLE C-1 
Definition of Demand Categories and Their Associated Parameters  

Demand Category Definition Parameters 

Agriculture 
Water used to meet irrigation requirements 
of agricultural crops, maintain stock ponds, 
and sustain livestock 

Irrigated acreage, irrigation efficiency 

Municipal and 
Industrial  

Water used to meet urban and rural 
population needs, and industrial needs 
within urban areas 

Population, population distribution, M&I 
water use efficiency, consumptive use 
factor 

Energy Water used for energy services and 
development Water needs for energy generation 

Minerals Water used for mineral extraction not 
related to energy services  Water needs for mineral extraction 

Fish, Wildlife, 
Recreation1 

Water used to meet National Wildlife 
Refuge, National Recreation Area, state 
park, and off-stream wetland habitat needs 

Institutional and regulatory conditions, 
social values affecting water use, 
Endangered Species Act-listed species 
needs, and ecosystem needs 

Tribal Water used to meet tribal needs and 
settlement of tribal water rights claims Tribal use, settlements, and claims 

1 This demand category represents the consumptive use portion of demand. Non-consumptive demands are considered in metrics, 
see Technical Report D – System Reliability Metrics. 
 
As part of the scenario quantification process, general relationships were used to relate the 
expected changes in parameters for each scenario in comparison to recent history consistent with 
each storyline. These are shown conceptually in table C-2. For example, it was anticipated that 
population will grow under all scenarios but will grow at a greater rate in the Rapid Growth 
(C1 and C2) scenarios when compared to the Current Projected (A) scenario. M&I per capita 
water use goes down in all of the scenarios (i.e. communities become more efficient), but the rate 
of decrease is greater in the Rapid Growth (C2) scenario as compared to the Rapid Growth (C1) 
scenario. In addition, the expected change in parameters may have substantial geographic 
differences. For example, although “Increased Demand” for minerals under the Rapid Growth 
(C1) scenario may be expected in general, some areas may have little or no capacity for minerals 
development. Therefore, although these general relationships are shown in table C-2, the specific 
quantification of the scenario includes important geographic differences at the state and 
individual planning area level.  
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TABLE C-2 
Scenario Matrix of Typical Changes in Parameters Defined by the Water Demand Storylines 
In general, these represent parameter change from 2015 with growth as a blue “Up” arrow, no change as a yellow bar, or reduction as a green “Down” arrow. 
The size of the arrow represent larger or smaller change for a given parameter. 

 
1 Self-served industrial demand (SSI) represents the demand of industries in a given area that have water supply systems independent of municipal systems. 
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3.2.1 Quantification of Tribal Demand 
As previously described, the storylines describe different ways the critical uncertainties, those 
factors determined to be the most critical and uncertain in estimating future demand, may unfold. 
Change in Water Availability due to Tribal Water Use and Settlement of Tribal Water Rights 
Claims was determined to be a critical uncertainty5. Table C-3 summarizes the storyline 
narrative from each demand scenario regarding this critical uncertainty. 
TABLE C-3  
Storylines Related to Tribal Water Use  

Storyline Related to Tribal Water Use Scenario 

Tribal use develops according to quantified rights and current use patterns. Current Projected (A) 

Tribal use continues to develop but at slower than planned rates.  Slow Growth (B) 

Tribal use and development occur faster than currently planned. In addition, 
new tribal claims and settlements are realized. 

Rapid Growth (C1) 

Tribal use and development occur faster than currently planned. In addition, 
new tribal claims and settlements are realized. 

Rapid Growth (C2) 

Tribal use develops according to quantified rights and current use patterns. Enhanced Environment (D1) 

Tribal use and development occurs faster than currently planned. In addition, 
new tribal claims and settlements are realized. 

Enhanced Environment (D2) 

 

Comments from tribal entities indicated that the factors driving the trajectory of certain critical 
uncertainties (for example, changes in water needs for energy or changes in agricultural land use) 
are different from those that drive the uncertainty related to tribal water use. Specifically, tribal 
comments pointed out that factors such as increased population and economic development may 
not be the primary drivers for future tribal demands. Tribal governments exercise direct and 
immediate control over land use decisions and development on tribal trust lands, and these 
decisions may be independent of economic drivers. For example, under economic conditions 
where a private entity might choose to fallow land, a tribal government may keep land in 
production simply to cover irrigation assessment costs and/or to provide employment. After 
considering these comments, it was decided to change the storyline narratives related to tribal 
water use by removing economic factors. For example, the storyline for the Slow Growth (B) 
scenario was changed from “Tribal use continues to develop but at slower than planned rates due 
to economic conditions and pressure to reduce tribal expenditures or federal settlement 
expenditures,” to “Tribal use continues to develop but at slower than planned rates.” 

In most cases, the quantification of tribal demand relied on information submitted by the 
Partnership for use in the Colorado River Interim Surplus Criteria Final Environmental Impact 
Statement (Reclamation, 2000) and used in the more recent Colorado River Interim Guidelines 
for Lower Basin Shortages and Coordinated Operations for Lake Powell and Lake Mead Final 
Environmental Impact Statement  (Reclamation, 2007). Some revisions to these projections were 
made, and alternative demand scenarios were quantified based on discussions with and  

  

                                                 
5 For a list of all critical uncertainties associated with water demand and an explanation of how those critical uncertainties were developed, see 

Technical Report A – Scenario Development. 



Colorado River Basin  
Water Supply and Demand Study 
 
 

C-18 December 2012 

information submitted by individual tribes, the Partnership, and the ITCA. Appendix C9 
describes in more detail the demand projections for each tribe with quantified Colorado River 
rights. 

4.0 Results of Water Demand Scenario Quantification 
The quantification of future water demand incorporated the scenario planning approach 
described earlier. This section presents the quantified demands that resulted from implementing 
this approach. It begins with a broad qualitative comparison of the demand scenarios, followed 
by a quantitative summary of the results. An overview of Study Area demand and Colorado 
River demand is provided, followed by a discussion of demand by geography (state and Basin 
level) and demand by category. In each of these sections, the demands are presented for all six 
scenarios. Details of the demand quantification for each state at the planning-area level are 
presented in appendices C2 through C8 (Colorado, New Mexico, Utah, Wyoming, Arizona, 
California, Nevada, respectively). Details of quantification for tribal demands are provided in 
appendix C9.  

4.1 Comparison of Demand Scenarios 
This section presents a broad comparison of the demand scenarios across the Study Area. The 
comparison is presented in terms of the differences among driving forces, summarized at a 
category level, as described in the storyline for each scenario. The storylines are also provided in 
appendix C14 of this technical report. The driving force categories, Demographics and Land 
Use, Technological and Economics, and Social and Governance, contain multiple driving forces 
that were used to explore critical uncertainties that formed the basis of the storyline for each 
scenario. The development of the driving forces, category groupings, critical uncertainties, and 
storylines is discussed in more detail in Technical Report A – Scenario Development.  

The storylines discuss the future trajectory of both consumptive and non-consumptive demands. 
The scenario quantification presented in this technical report primarily focuses on consumptive 
demands, expressed through the categories M&I, Agricultural, Energy, Minerals, Fish, Wildlife 
and Recreation, and Tribal. This technical report does not compare non-consumptive demands, 
which are those that support the environment and recreational activities, across scenarios. Rather, 
the impact on flows supporting the environment and recreational activities was assessed across 
all scenarios through the evaluation of flow targets, characterized through ecological and 
recreational metrics. Ecological resources and recreational resources (for example, river and 
whitewater boating) metrics can be found in Technical Report D – System Reliability Metrics.  

The Study Area comparison provides the overarching context supporting the water demand 
quantification presented in this technical report. Relative to water use across sectors, these 
comparisons reflect differing levels of and interplay among changing societal values, economic 
drivers, and various types of resource constraints. An exception to this comparison is with 
respect to tribal demands. It was determined during the quantification process that the factors 
affecting tribal demands are not particularly well represented by the driving force categories 
established by the Study. For the most part, tribal demands are based on quantified rights in 
Current Projected (A), Slow Growth (B), and Enhanced Environment (D1) scenarios, but 
consider additional unquantified settlements or claims in tribal demands in the Rapid Growth 
(C1 and C2) and Enhanced Environment (D2) scenarios. Additionally, it is important to 
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recognize that the quantification of water supply and demand scenarios may compare differently 
at state and individual planning area levels. State level demands generally follow broad 
identifiable trends, whereas individual planning areas consider locally relevant information, 
plans, timelines, and constraints.  

4.1.1 Demographics and Land Use 
Population growth and changes in land use are driven by economic growth, the continuance of 
currently planned agricultural water supply projects, conversion of agricultural land to urban 
land, and the phasing out of lower-economic-value crops in some areas. Population growth and 
land use parameters for each state correspond with different reference points based on state and 
local information and planning efforts reflecting long-term trends. 

The Current Projected (A) and Enhanced Environment (D1) scenarios include population 
projections that are the central estimate from the projections used by the Basin States, whereas 
more rapid population projections support the Rapid Growth (C1 and C2) and Enhanced 
Environment (D2) scenarios. The Slow Growth (B) scenario contains lower population 
projections. Agricultural land use decreases across the entire Basin to varying degrees across all 
scenarios and at a greater rate under the Rapid Growth (C1 and C2) scenarios. However, in some 
Upper Basin planning areas both the Current Projected (A) and the Slow Growth (B) scenarios 
show increases in irrigated agricultural acreage by 2060. 

4.1.2 Technology and Economics 
The development and adoption of new technology and conservation programs supporting 
reductions in agricultural, energy, and M&I water demand are driven by investments at the local, 
state, and federal levels that will be brought about by changing societal values, economic drivers, 
and resource constraints.  

M&I water use becomes more efficient under all scenarios. The increase in efficiency is beyond 
current water efficiency programs and practices. The lowest increase in M&I water use 
efficiency occurs under the Slow Growth (B) scenario, and the largest efficiency increase occurs 
under the Enhanced Environment (D1 and D2) scenarios. Changing social values drive these 
efficiency increases by fostering a willingness to increase investments at the local, state, and 
federal levels in water conservation programs. The most modest efficiency increase under the 
Slow Growth (B) scenario stems from the slower rate at which society embraces additional new 
conservation programs or lacks resources to develop such programs. Changing social values, 
federal investment, and subsequent responses focused on conservation efforts results in the 
largest efficiency increase under the Enhanced Environment (D1 and D2) scenarios. 

Agricultural per-acre water delivery ranges from a modest increase under the Rapid Growth (C2) 
scenario to a modest decrease under the Enhanced Environment (D1) scenario. The primary 
reason for the small decrease under this scenario is favorable economic conditions coupled with 
changing social values, creating willingness and incentives to invest in agricultural water 
conservation. This investment leads to rapid adoption of new technologies, resulting in decreased 
agricultural demands due to increased agricultural water use efficiency. 

Water needs for energy development increase across all scenarios and range from the most 
modest increase under the Enhanced Environment (D1 and D2) scenarios to the greatest increase 
under the Rapid Growth (C1 and C2) scenarios. Water needs for energy expand relative to 
population growth and results in the highest demand under the Rapid Growth (C1) scenario. 
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Under the Enhanced Environment (D1 and D2) scenarios, an emphasis on renewable energy 
requirements and investments in technologies that reduce water consumption associated with 
energy production and new development decreases projected water demands for energy 
production, despite a rapidly growing population featured under the Enhanced Environment (D2) 
scenario.  

4.1.3 Social and Governance 
Changes in agricultural and M&I water use efficiency, in addition to the adoption of new 
programs to support ecological and recreational resources, are influenced by varying rates of 
institutional and regulatory changes assumed in the scenarios.  

Water use efficiency changes range from a continuation of present practices toward increased 
efficiency to a greater emphasis on efficiency based on social values. A continuation of present 
practices is assumed in the Current Projected (A) and Slow Growth (B) scenarios. The Enhanced 
Environment (D1 and D2) scenarios show larger increases in efficiency resulting from social 
values leading to greater investment; increased governmental regulations, agreements, and 
incentives promoting greater renewable energy use; and implementation of additional water 
conservation programs.  

All scenarios rely on the continued existence and further successful implementation of existing 
federal endangered species programs and policies. Additionally, the Enhanced Environment 
(D1 and D2) scenarios contemplate a future where changing social values drive public support 
for investments in additional programs and actions: supporting more certain recovery of listed 
species, keeping them from being re-listed, providing ecological flows sufficient to support a 
healthy river system, and enhancing recreational use of the river. The ecological flow targets, 
characterized using the flow metrics for these scenarios, are non-consumptive, and modeling 
identified shortfalls for quantified flow targets. Options and strategies, including those that 
increase supply, reduce demand, and/or modify operations, were considered to address the risks 
to Basin resources6.  

4.2 Summary Results of Scenario Quantification 
Following the approach described earlier, values were developed for parameters and demands 
quantified for each of the scenarios. Table C-4 presents summary results for the demand 
scenarios considered in the Study. The table presents agricultural and M&I demand parameters 
for the Study Area, which distinguishes the scenarios, the resulting Study Area demand, and 
finally the Colorado River demand by category.  

About 40 million people are estimated to be in the Study Area by 2015. This number is expected 
to increase to between 49 and 77 million by 2060. The highest population growth is associated 
with the Rapid Growth (C1 and C2) and the Enhanced Environment (D2) scenarios. The Slow 
Growth (B) scenario has the lowest population growth of the scenarios (49 million by 2060), but 
still represents a growth of nearly 25 percent over 2015 estimates.  
  

                                                 
6 Resources include water allocations and deliveries consistent with the apportionments under the Law of the River; hydroelectric power 

generation; recreation; fish, wildlife, and their habitats (including candidate, threatened, and endangered species); water quality including 
salinity; flow- and water-dependent ecological systems; and flood control. 
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TABLE C-4 
Summary Results of Water Demand Scenario Quantification by 2060 

Key Study Area Demand Scenario Parameters 

  2015 
2060 Scenario Parameters 

A B C1 C2 D1 D2 

Population (millions) 38.9–41.1 62.4 49.3 76.5 76.5 62.4 76.5 

Change in per capita water usage (%), 
from 2015 – -9% -7% -9% -16% -19% -17% 

Irrigated acreage (millions of acres) 5.4–5.5 5.1 5.2 4.6 4.6 5.0 5.0 

Change in per-acre water delivery (%), 
from 20151 – +1% +2% +1% +3% 0% +3% 

Study Area Demand (maf) 

Agricultural Demand 16.4–16.7 15.2 15.7 13.7 13.8 14.9 14.9 

Municipal and Industrial Demand 8.4–8.8 12.5 10.2 15.1 13.9 11.0 13.7 

Energy Demand 0.34–0.63 0.66 0.57 1.01 0.58 0.51 0.56 

Minerals Demand 0.1–0.11 0.18 0.18 0.22 0.15 0.15 0.15 

Fish, Wildlife, and Recreation Demand 0.16–0.23 0.08 0.08 0.08 0.10 0.16 0.16 

Tribal Demand2 1.6–1.8 2.0 2.0 2.4 2.4 2.0 2.4 

Total Study Area Demand3 27.3–27.8 30.6 28.7 32.5 30.9 28.7 31.9 

Colorado River Demand (maf) 

Agricultural Demand 7.1–7.2 6.7 6.8 6.6 6.7 6.6 6.8 

Municipal and Industrial Demand 3.4–3.5 5.1 4.5 6.2 5.2 4.8 5.4 

Energy Demand 0.21–0.23 0.44 0.38 0.74 0.37 0.34 0.35 

Minerals Demand 0.09–0.11 0.17 0.18 0.21 0.14 0.14 0.14 

Fish, Wildlife, and Recreation Demand 0.15–0.21 0.06 0.07 0.06 0.08 0.15 0.15 

Tribal Demand2 1.5–1.7 2.0 1.9 2.4 2.4 2.0 2.4 

Total Colorado River Demand3 12.6–12.8 14.5 13.8 16.2 15.0 14.0 15.2 
1 Does not include reductions associated with conservation and efficiency programs such as those in Imperial Irrigation District 
which are part of transfer agreements.  
2 Tribal demand within the state of Colorado is included in other demand categories. 
3 Excludes Mexico’s allotment and losses (reservoir evaporation, phreatophytes, and operational inefficiencies). These factors will 
be included in the modeling supporting the system reliability analysis. 
 
The growing municipal population, however, will continue to be more efficient in its per capita 
water use than today. Per capita water use, based primarily on passive or existing conservation 
targets, is expected to be 7 to 19 percent less in 2060 than in 2015. These reductions vary 
considerably across states and scenarios. In some regions, per capita water use rates are expected 
to drop by over 20 percent by 2060. 

Irrigated acreage is projected to continue to decrease through 2060 under all scenarios. Under 
the Rapid Growth (C1 and C2) scenarios, projected irrigated acreage is reduced by more than 
830,000 acres and by roughly 300,000 to 500,000 acres in the other scenarios. Although water 
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use efficiency improvements are anticipated, some of the remaining irrigated land is expected to 
be more intensely cultivated or fully irrigated, resulting in little overall change in water delivery 
per acre. 

Water demand for energy and mineral categories are projected to increase under all scenarios. 
The growing need for energy (coal, solar, and oil shale) is projected to increase water demands. 
The largest increases are anticipated in Arizona, Colorado, and the California desert. Meanwhile, 
water needs for mineral extraction are projected to significantly increase in Wyoming, Colorado, 
and Arizona. 

Tribal demand is anticipated to increase over time as demand reaches quantified rights (in all 
scenarios), and demand beyond these quantified rights is realized in the Rapid Growth (C1 and 
C2) scenarios and the Enhanced Environment (D2) scenario.  

The Study Area demand ranges between 28.7 and 32.5 maf by 2060, with Colorado River 
demand7 ranging between 13.8 and 16.2 maf. Some of the increase in Study Area demand is 
projected to be met through increases in other supplies, primarily in Colorado and California. 
The increase in Colorado River demand from 2015 to 2060 is estimated to be between 1.2 and 
3.4 maf, with the Lower Basin making up about 60 percent of the increase. Of the total increase 
in Colorado River demand, for the growing categories, between 64 and 76 percent of the growth 
is contributed by the M&I demand category. The growth in energy, tribal, and mineral categories 
constitutes the remaining demand increase.  

Colorado River demand is calculated as Study Area demand less the demand projected to be 
supplied by other sources. The Study and the results presented in this technical report focus on 
the resulting Colorado River demand. Figure C-7 presents demands across the initial scenarios in 
three panels as follows: 1) Study Area demand with other supplies and Colorado River demand 
identified, 2) Colorado River demand, and 3) change in Colorado River demand by 
demand category.  

From the first panel, it can be seen that Study Area demand increases from about 28 maf in 2015 
to up to nearly 33 maf by 2060 in the highest scenario. The range in demand increase across 
scenarios in 2060, however, is projected to be as low as 1.2 or as high as 4.7 maf. When total 
Study Area demand is compared to Colorado River Demand, it can be seen that more than half of 
the Study Area demand is expected to be met by other supplies. 

Panel two depicts the range of Colorado River demand across scenarios. The Colorado River 
demand increases from about 12.6 to 12.8 maf in 2015 to between 13.8 and 16.2 maf in 2060 
(or 9 percent to 26 percent increase from 2015) depending on the scenario. The range across the 
highest and lowest scenarios is about 2.4 maf by 2060 or about a 17 percent spread between the 
Rapid Growth (C1) and the Slow Growth (B) scenarios.  

Panel three shows the projected change in Colorado River demand by specific demand categories 
for each scenario. Increase in the M&I demand category across all scenarios represents the 
greatest increase in demand. Tribal and energy demand categories also are projected to grow, but 

                                                 
7 Mexico’s allotment and losses such as reservoir evaporation, phreatophyte losses, and operational inefficiencies are not part of this total. These 

factors will be included in the modeling supporting the system reliability analysis and have been included in figure C-2 to provide a more 
complete view of the total demand and losses in the Basin. 
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the overall growth in Colorado River demand is projected to be partially offset by decreases in 
agricultural demand driven by reductions in irrigated acreage. 

Figure C-8 shows the historical Colorado River use and projected future Colorado River demand 
by scenario. This figure includes historical and future projected losses (consisting of reservoir 
evaporation and other losses) and deliveries to Mexico to provide a more complete view of the 
total demand and losses in the Basin. Factoring in Mexico’s allotment and losses, the Colorado 
River demand increases to between 17.7 and 20.1 maf in 2060. The range across scenarios in 
2060 (about 2.4 maf) is easily discernible in the figure, as is the relative similarity of overall 
demand in the Current Projected (A), Rapid Growth (C2), and Enhanced Environment (D2) 
scenarios. In addition, it appears that the quantified scenarios track with recent peaks in historical 
uses that likely represent the least supply limited conditions and could be an indication of 
historical demand.  

4.3 Colorado River Water Demand by Geography  
The Colorado River demand at three geographic levels is presented in figures C-9, C-10, and  
C-11. These figures show Study Area, Upper and Lower Basin, and individual state demand 
across the scenarios. The bars at the right in these figures show the relative contribution of each 
demand category to the total Colorado River demand at a point in time (2015, 2035, or 2060) in 
the Current Projected (A) scenario. In general, the category proportions remain relatively 
consistent across the scenarios.  

As described in the Quantification Approach, the scenario quantification approach entailed first 
quantifying the changes in parameters, such as population and agricultural acreage, and then 
using these quantified parameters to compute demand. For the purposes of the Study, the 
resulting demand was not limited by the Colorado River Compact apportionments. In this way 
the demand for Colorado River and tributary water were assessed in the context of overall Study 
Area demand and supplies available from other sources. 

As shown in figure C-9, the change in both magnitude and percentage of Colorado River demand 
varies considerably across the states. Colorado and Arizona show the greatest magnitude of 
overall growth in Colorado River demand from 2015 to 2060 across the scenarios, ranging 
between about a 0.2 to 1.2 maf increase by 2060 in Arizona and 0.14 to 0.64 maf in Colorado. 
The broad demand range across scenarios in these states is attributable to substantial growth in 
M&I demand, particularly in central Arizona and the Front Range of Colorado. Increase in tribal 
demand is also a significant contributor to the increases in Arizona. Demand in Nevada and 
California is projected to grow by about 0.2 to 0.35 maf primarily as the result of population 
growth. Demand in New Mexico, Utah, and Wyoming grows by about 0.1 to 0.2 maf under most 
scenarios. However, under the Rapid Growth (C1) scenario the growth is about 0.3 maf and 
0.4 maf in Utah and New Mexico, respectively. This additional growth in Utah is driven by a 
projected increase in population of nearly 4 million and per capita water use reductions not fully 
offsetting the rapid growth. In New Mexico, this growth is driven by population growth and 
tribal demands.  
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FIGURE C-7 
Study Area, Colorado River, and Change in Colorado River Demand 
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FIGURE C-8 
Colorado River Basin Historical Use1 and Future Projected Demand1, Delivery to Mexico2, Reservoir Evaporation3, and 
Other Losses4 

 

1 Excluding consumptive use in Lower Basin tributaries. 
2 Assumed 1.5 maf delivery to Mexico 2012–2060. Modeling to support the system reliability analysis will project future deliveries to 
Mexico in accordance with the 1944 treaty. 
3 Median value of CRSS-simulated reservoir evaporation across supply and demand scenarios. 
4 Other losses include phreatophyte and operational inefficiency losses. Future phreatophyte losses are computed by assuming 
1995–2008 average of 632 thousand acre-feet (kaf). Future operational inefficiency losses are computed as the sum of 109 kaf (the 
1990–2010 average bypass of return flows from the Welton-Mohawk Irrigation and Drainage District to the Cienega de Santa Clara 
in Mexico) and 7 kaf (computed by assuming the 1964–2010 historical average annual volume of non-storable flows delivered to 
Mexico [excluding flood years] is reduced by 90 percent due to the operation of Warren H. Brock Reservoir). 
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FIGURE C-9 
Colorado River Water Demand1,2 

 
1 Demands do not include Mexico’s allotment and losses such as reservoir evaporation. These factors will be included in the 
modeling supporting the system reliability analysis. 
2 Tribal demand in Colorado, at the request of the Southern Ute Indian and Ute Mountain Ute tribes, is not separated from other 
categories in the state.  
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FIGURE C-10 
Colorado River Water Demand by Category1,2 

  
1 Demands do not include Mexico’s allotment and losses such as reservoir evaporation. These factors will be included in the 
modeling supporting the system reliability analysis. 
2 Tribal demand in Colorado, at the request of the Southern Ute Indian and Ute Mountain Ute tribes, is not separated from other 
categories in the state.  
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FIGURE C-11 
Change in Colorado River Water Demand from 2015 by Category1,2 

  
1 Demands do not include Mexico’s allotment and losses such as reservoir evaporation. These factors will be included in the 
modeling supporting the system reliability analysis. 
2 Tribal demand in Colorado, at the request of the Southern Ute Indian and Ute Mountain Ute tribes, is not separated from other 
categories in the state.  
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When demand by category is examined in figure C-10, the contribution of demand by category 
across the Upper and Lower Basins vary, with nearly equal agricultural and M&I demand in the 
Lower Basin and nearly two-thirds of the demand in the Upper Basin from agriculture. The 
category contribution to the total demand varies considerably across states as well, with no two 
states having comparable proportions of categories.  

Figure C-11 shows the change in Colorado River demand by category from 2015 for each 
scenario. In most scenarios, the M&I demand is the major driver contributing to future growth in 
demand. However, the M&I demand does not increase as significantly in the Slow Growth (B) or 
Enhanced Environment (D1) scenarios where either population growth is reduced or per capita 
water use is assumed to be substantially decreased, respectively. Tribal, energy, and minerals 
demands are also projected to increase in all scenarios, while Basin-wide reductions in 
agricultural demand are projected. The Upper Basin generally shows growth in all categories but 
is dominated by demand growth in the M&I category, while the Lower Basin shows dramatic 
growth in M&I demand (in most scenarios) and a significant reduction of agricultural demand. 
The reduction in fish and wildlife demand in the Lower Basin is caused by the cessation of 
mitigation water provided to the Salton Sea in California in accordance with the Colorado River 
Water Delivery Agreement8 (CRWDA), approved in 2003. 

4.4 Colorado River Water Demand by Category 
4.4.1 Agriculture 
Agricultural water demand is primarily driven by the extent of irrigated acreage and per-acre 
water delivery. Per-acre water delivery is the amount of water diverted per irrigated acre and 
includes components such as transmission and delivery losses (surface evaporation, riparian 
demand, and seepage), and on-farm losses that are made up of evaporation, tail water (return), 
and crop irrigation requirements. Each of these factors varies by location (precipitation, growing 
season, etc.), irrigation method, and crop type.  

Figure C-10 shows the demand by category and depicts the relative magnitude of the agricultural 
demand. Figure C-12 presents the change in agricultural demand for the Study Area, by Upper 
and Lower Basin, and by state. The figure also shows agricultural demand as a proportion of the 
total Colorado River water demand (right hand stacked bar graph). 

As can be seen from figure C-10 and figure C-12, agricultural water demand is the largest 
component of Colorado River demand. Demand for agricultural uses decreases through 2060 for 
all scenarios, dropping from about 57 percent in 2015 to between 41 and 49 percent of Colorado 
River demand in 2060, depending on the scenario. The reduction in the percentage contribution 
of agricultural demand results from both a decrease in the magnitude of agricultural water 
demand and increases in the magnitude of other categories of demand. The overall decrease is 
almost entirely due to a reduction in irrigated acreage, as per-acre delivery shows slight increases 
across all scenarios.  

                                                 
8 Colorado River Water Delivery Agreement:  Federal Quantification Settlement Agreement for Purposes of Section 5(B) of Interim Surplus 

Guidelines, October 10, 2003 (69 Federal Register 12202, March 15, 2004) 
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FIGURE C-12 
Change in Colorado River Water Demand for Agriculture 
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Agricultural demand decreases over time in the Lower Basin, but exhibits some increases in the 
Upper Basin in several scenarios. For the Lower Basin states, most of the decrease in agricultural 
demand occurs in Arizona, with a small amount of reduction in demand in California across all 
scenarios. Nevada does not report any agricultural use in any scenario. In the Upper Basin, an 
increase in agricultural demand occurs in most states. Increases in projected agricultural demand 
in Colorado have the greatest magnitude and are the most notable in the Enhanced Environment 
(D2) scenario; however, decreases occur in several other scenarios due to assumed decreases in 
future irrigated acreage. Slight increases in agricultural demand are projected in most scenarios 
in Utah and Wyoming. New Mexico agricultural demand ranges from no change to a nominal 
decrease.  

A strong driver for loss of agricultural acreage is urbanization, leading to physical loss of acreage 
and pressure for transfer of water. These factors are particularly important in Colorado and 
Arizona. Utah and Wyoming are continuing to actively develop agricultural lands under 
existing plans. 

4.4.2 Municipal and Industrial 
M&I water demand was estimated from population and per capita water use, with the addition of 
SSI demand. The per capita water use is a measure of the amount of water produced or diverted 
per person in a given municipality or service area. Because this measure examines all water 
produced by a given municipality or service area, it often includes industrial, commercial, and 
institutional demand as well as residential demand. A number of factors may influence the M&I 
water use of a given community, including the amount of industrial demand, climate, number of 
institutional facilities, accounting method for reuse, demographics, economic conditions, and 
number of visitors. These factors make comparisons among different locations challenging. 

The SSI demand represents the demand of industries in a given area that have independent water 
supply systems. Because these industries have water supplies independent from the urban areas, 
the demand is not directly related to population and per capita water use rates assumed for most 
M&I demand projections. 

Figure C-10 shows the demand by category and depicts the relative magnitude of the M&I 
demand. Figure C-13 presents the change in M&I demand for the Study Area, by Upper and 
Lower Basin, and by state. The figure also shows the M&I demand as a proportion of the total 
Colorado River water demand (right hand stacked bar graph). 

As can be seen from figure C-10 and figure C-13, M&I water demand is the second largest 
component of Colorado River demand. The M&I demand increases over the Study period for all 
scenarios, from about 27 percent in 2015 to between 33 and 38 percent of total Colorado River 
demand in 2060, depending on the scenario. The increase is primarily due to population increase 
because per capita water use is projected to decrease over time across all scenarios. The SSI 
demand is less than 10 percent of total M&I demand.  
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FIGURE C-13  
Change in Colorado River Water Demand for Municipal and Industrial 
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The M&I demand for Colorado River water increases over the Study period in both the Upper 
and Lower Basin, with about 19 to 33 percent of the increase occurring in the Upper Basin and 
67 to 81 percent of the increase occurring in the Lower Basin. In the Upper Basin, most of the 
increase in M&I demand for Colorado River water is due to projected population growth in the 
state of Colorado. The remaining increase in Upper Basin M&I demand is primarily in New 
Mexico and Utah, with only small increases in Wyoming. In the Lower Basin, about 50 percent 
of the increase in M&I demand occurs in Arizona, with the remaining 50 percent split between 
California and Nevada across all scenarios.  

Population is the most significant driver for increases in M&I demands. In the scenarios, per 
capita water use rates are projected to decrease in six of the seven Basin States and partially 
attenuate demand growth due to population increases alone. Per capita water use rates decrease 
in all states except in Wyoming, where rates are projected to increase slightly due to urbanization 
of rural areas. 

4.4.3 Energy 
Water demand for energy includes anticipated growth in most types of power generation and 
associated technologies, including thermoelectric, solar, geothermal, and oil shale. Water 
demand for energy uses can be estimated through known plans for new power plants or through 
applying a per capita energy water use factor. Power facilities, however, often serve areas remote 
from their locations and therefore potentially represent exports or imports of energy and water 
from the Study Area to meet these distributed needs. Therefore, while the link between 
population and energy demand exists, the effects on energy water demands are not always 
experienced in the same planning areas as the growth. 

Figure C-10 shows the demand by category and depicts the relative magnitude of the energy 
water demand. Figure C-14 presents the change in energy demand for the Study Area, by Upper 
and Lower Basin, and by state. The figure also shows the energy demand as a proportion of the 
total Colorado River water demand (right hand stacked bar graph). 

As can be seen from figure C-10 and figure C-14, energy water demand is a small fraction of 
total Colorado River demand. The water demand for energy is projected to increase over the 
Study period in all scenarios and in both the Upper and Lower Basins. The water demand for 
energy increases from about 1.7 percent of the total demand in 2015 to between 2.3 and 4.6 
percent of total demand in 2060, depending on the scenario. Between 31 and 56 percent of the 
increase in water demand for energy occurs in the Upper Basin and between 44 and 69 percent of 
the increase occurs in the Lower Basin. In the Upper Basin, between about 50 to 80 percent of 
the increase in energy demand over time is due to increases in Colorado, with the remaining 
increase in demand primarily split between Wyoming and Utah. In the Upper Basin, increases 
are due to expansion of thermoelectric power plants and oil shale production. In the Lower 
Basin, virtually all of the growth in water demand for energy occurs in California due to 
projected expansion of geothermal and solar projects. Projected increases in water demands for 
energy in Arizona represent only about 1 percent of the Lower Basin increase, and Nevada does 
not report any water demand for energy use in any of the scenarios. In general, most states have 
some portion of imported and exported electrical supply. Likewise, significant hydroelectric 
production capacity along the mainstem mitigates typical water demand for energy production.  
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FIGURE C-14 
Change in Colorado River Water Demand for Energy 
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4.4.4 Minerals 
Water demand for mineral production was estimated through existing uses and known plans for 
mineral extraction in the Study Area. Water demand for mineral production varies considerably 
across the Study Area and can fluctuate significantly based on market prices for a given product.  

Figure C-10 shows the demand by category and depicts the relative magnitude of the mineral 
water demand. Figure C-15 presents the change in mineral demand for the Study Area, by Upper 
and Lower Basin, and by state. The figure also shows mineral demand as a proportion of the total 
Colorado River water demand (right hand stacked bar graph). 

As can be seen from figure C-10 and figure C-15, water demand for mineral extraction is a small 
fraction (less than 200,000 acre-feet per year [afy] Basin-wide) of the total Colorado River 
demand It increases from about 0.7 percent in 2015 to between 0.9 and 1.3 percent of Colorado 
River demand in 2060, depending on the scenario. The water demand for mineral extraction 
increases for all scenarios and in both the Upper and Lower Basins. Similar increases in demand 
occur in the Upper and Lower Basins for Rapid Growth (C2) and Enhanced Environment (D1 
and D2) scenarios between 2015 and 2060. Greater increases in demand occur in the Upper 
Basin for Current Projected (A), Slow Growth (B), and Rapid Growth (C1) scenarios due to 
technology adoption assumptions.  

All increases in water demand for mineral production are due to increases in Colorado, 
Wyoming, and Arizona. 

4.4.5 Fish, Wildlife, and Recreation 
Water demand for fish, wildlife, and recreation was estimated from existing agreements or 
known consumptive uses associated with this demand category. The demands in this category 
largely represent water needs for wildlife refuges, fish hatcheries, recreational facilities, and 
obligations for water delivery to the Salton Sea under the CRWDA. In the Lower Basin, the 
Cibola National Wildlife Refuge (NWR), Imperial NWR, Havasu NWR, and Lake Mead 
National Recreation Area have consumptive water rights and largely comprise the fish, wildlife, 
and recreation demand in the Lower Basin. Non-consumptive demands associated with fish, 
wildlife, and recreations, including in-stream flow requirements are represented through the 
metrics portion of the Study as presented in Technical Report D – System Reliability Metrics.  

Figure C-10 shows the demand by category and depicts the relative magnitude of the fish, 
wildlife, and recreation water demand. Figure C-16 presents the change in fish, wildlife, and 
recreation demand for the Study Area, by Upper and Lower Basin, and by state. The figure also 
shows the fish, wildlife, and recreation demand as a proportion of the total Colorado River water 
demand (right hand stacked bar graph). 

As can be seen from figure C-10 and figure C-16, fish, wildlife, and recreation water demand is a 
small fraction of Colorado River demand, and decreases from about 1.4 percent in 2015 to about 
0.4 to 1 percent of Colorado River demand in 2060 across all scenarios. The overall decrease in 
demand for Colorado River water for fish, wildlife, and recreation is driven by the terms of 
Exhibit B of the CRWDA, which phases out Salton Sea delivery obligations over time. As such, 
the change in demand is a result of the termination of a regulatory settlement, rather than a 
regional depiction of reductions in water allocated for fish, wildlife, and recreation demands. 
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FIGURE C-15 
Change in Colorado River Water Demand for Mineral Production 
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FIGURE C-16 
Change in Colorado River Water Demand for Fish, Wildlife, and Recreation 
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Fish, wildlife, and recreation demand increases over time in the Upper Basin and decreases 
over time in the Lower Basin. The Upper Basin makes up about 30 percent of the fish, wildlife, 
and recreation demand in 2060, with the Lower Basin making up about 70 percent of demand. 
In the Upper Basin, all of the increase in fish, wildlife, and recreation water demand over time 
is due to increases in this category in Wyoming. Wyoming provides water for a number of 
wildlife refuges. Colorado, New Mexico, and Utah do not report any fish, wildlife, and 
recreation consumptive use in any of the scenarios. In the Lower Basin, all of the decrease in 
fish, wildlife, and recreation demand occurs in California. Arizona includes fish, wildlife, and 
recreation demand that varies by scenario but is constant over time. Nevada includes small fish, 
wildlife, and recreation demand that is constant over time and across scenarios.  

4.4.6 Tribal 
Tribal water demand in the Study is largely based on the quantified rights and entitlements of 
tribes to Colorado River water as well as their anticipated future rate of use and development. A 
number of tribes in the Basin have unquantified rights and claims (Navajo Nation, Ute Mountain 
Ute Tribe, Havasupai Tribe, Hopi Tribe, Hualapai Tribe, Kaibab Band of Paiute Indians, Pascua 
Yaqui Tribe, San Carlos Apache Tribe, San Juan Southern Paiute Tribe, Tohono O’odham 
Nation, Tonto Apache Tribe, and Yavapai-Apache Nation), and although the demand for this 
water will be a factor impacting Basin-wide water availability, specific, reliable numbers are not 
presently available due to their unresolved status. 

For the Study, tribes with quantified rights to Colorado River water were organized into three 
categories, presented in table C-5, based on location: Upper Colorado River Basin tribes, Lower 
Colorado River Mainstem tribes, and tribes served by water provided through the CAP. 
Figure C-17 displays the lands in the hydrologic Basin where tribes have rights or claims to 
Colorado River water. 

Figure C-18 summarizes Basin-wide, by Upper and Lower Basins, and by state, both the 
quantified Colorado River rights held by tribes as well as the tribal demand as a portion of those 
rights. Tables C-6 and C-7 present, by state, tribal diversion, depletion, and acreage entitlement 
as appropriate, as well as 2015, 2035, and 2060 projected tribal diversion and depletion, along 
with total state depletion under each scenario. It is important to note that in figure C-18 both 
tribal demand and rights are presented in terms of diversion and not depletion. This presentation 
was chosen to facilitate a comparison between demand and quantified rights for the mainstem 
tribes in the Lower Basin whose rights are quantified in terms of diversion entitlements. For a 
more detailed description of the rights and demands by tribe, see appendix C9. 

As seen in figure C-18, quantified tribal diversion rights comprise about 2.9 maf in the Basin, 
with about 1.36 maf of those rights in the Upper Basin and 1.58 maf in the Lower Basin. 
Quantified tribal rights are assumed to not vary by scenario or throughout the Study period. The 
majority of quantified rights are within Arizona, totaling approximately 1.4 maf. Tribal demands 
in Colorado, at the request of the Southern Ute Indian and Ute Mountain Ute Tribes, are not 
broken out from other categories in the state. Consequently, only the quantified right for these 
tribes (not the demand) is shown in these figures. There are no tribal rights or claims to Colorado 
River water in Wyoming. The figure also shows the tribal demand in terms of depletion as a 
proportion of the total Colorado River demand (right hand stacked bar graph). 
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TABLE C-5 
Upper Colorado River Basin Tribes, Lower Colorado River Mainstem Tribes, and Tribes Served by Water Provided 
through the CAP 

Upper Colorado River Basin Tribes  
Jicarilla Apache Nation New Mexico 
Navajo Nation Arizona, New Mexico, and Utah 
Southern Ute Indian Tribe Colorado 
Ute Indian Tribe of the Uintah and Ouray Reservation Utah 
Ute Mountain Ute Tribe Colorado, New Mexico, and Utah 

Lower Colorado River Mainstem Tribes1 
Chemehuevi Indian Tribe California 
Cocopah Indian Tribe Arizona 
Colorado River Indian Tribes Arizona and California 
Fort Mojave Indian Tribe Arizona, Nevada, and California 
Hopi Tribe Arizona 
Quechan Indian Tribe Arizona and California 

Tribes with Central Arizona Project allocations  
Ak-Chin Indian Community Arizona 
Fort McDowell Yavapai Nation Arizona 
Gila River Indian Community Arizona 
Pascua Yaqui Tribe Arizona 
Salt River Pima-Maricopa Indian Community Arizona 
San Carlos Apache Tribe Arizona 
Tohono O'odham Nation Arizona 
Tonto Apache Tribe Arizona 
White Mountain Apache Tribe Arizona 
Yavapai-Apache Nation Arizona 
Yavapai-Prescott Tribe Arizona 

1 The Zuni Indian Tribe has rights to Little Colorado River water in Arizona and the Moapa Band of Paiutes has rights to water in 
the Muddy River, Nevada. The modeling of these tributaries assumes future demand to be consistent with historical demand on 
these rivers. See appendix C9 for more information on the modeling of Lower Basin tributaries. 
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FIGURE C-17 
Colorado River Basin Tribes 
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FIGURE C-18 
Colorado River Basin Tribal Diversion Rights (dotted line) and Diversion-Based Demand1,2,3 

 
1 Tribal demand in Colorado, at the request of the Southern Ute Indian and Ute Mountain Ute tribes, is not separated from other 
categories in the state.  

2 The diversion and depletion associated with demand for the Ute Indian Tribe of the Uintah and Ouray Reservation is dependent 
upon the re-ratification of the Revised Ute Indian Compact of 1990 by the tribe and the State of Utah. 
3 The diversion and depletion demands of the Navajo Nation from the Colorado River in the Upper Basin in New Mexico are not 
limited by the Navajo Nation San Juan River in New Mexico Water Rights Settlement; however, the Navajo Nation agrees to be 
bound by the terms of that settlement so long as the Settlement is effective.  To the extent that the Navajo Nation demands exceed 
the amounts provided in the settlement, the Nation may seek to acquire water from other users or from sources other than the 
Colorado River to meet any unmet demands. 
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TABLE C-6 
Upper Colorado River Basin Tribal Rights and Tribal and State Future Demands 

State 

Tribal 
Diversion 

Entitlement 
(Water 

Right) (afy) 

Tribal 
Depletion 

Entitlement 
(Water 

Right) (afy) Scenario 

Tribal Demand 
(Diversion) 

Tribal 
Demand 

(Depletion) 

State 
Demand 

(Depletion) 
Tribal Demand 

(Diversion) 

Tribal 
Demand 

(Depletion) 
State Demand 

(Depletion) 

Tribal 
Demand 

(Diversion) 

Tribal 
Demand 

(Depletion) 

State 
Demand 

(Depletion) 
2015 (afy) 2035 (afy) 2060 (afy) 

CO 225,448 125,399 All Scenarios Tribal demand in Colorado is embedded in other demand categories within the state. 

NM1 652,343 359,865 Current 
Projected (A) 543,280 299,470 600,020 652,926 359,730 703,035 658,546 363,195 754,100 

Slow Growth 
(B) 543,280 299,470 600,020 652,926 359,730 673,386 658,546 363,195 692,615 

Rapid Growth 
(C1) 554,904 305,710 606,260 745,316 409,775 757,963 961,439 525,795 979,209 

Rapid Growth 
(C2) 554,904 305,710 605,005 745,316 409,775 694,229 961,439 525,795 830,724 

Enhanced 
Environment 
(D1) 

543,280 299,470 597,509 652,926 359,730 684,477 658,546 363,195 682,604 

Enhanced 
Environment 
(D2) 

554,904 305,710 602,586 745,316 409,775 678,361 961,439 525,795 784,559 

UT 480,594 258,943 Current 
Projected (A) 480,594 258,943 999,059 480,594 258,943 1,081,531 480,594 258,943 1,153,500 

Slow Growth 
(B) 316,354 170,451 910,566 447,747 241,245 1,032,775 480,594 258,943 1,084,253 

Rapid Growth 
(C1) 506,798 272,045 1,012,161 560,470 298,881 1,141,323 637,286 337,289 1,277,455 

Rapid Growth 
(C2) 506,798 272,045 1,011,093 560,470 298,881 1,116,488 637,286 337,289 1,222,092 
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TABLE C-6 
Upper Colorado River Basin Tribal Rights and Tribal and State Future Demands 

State 

Tribal 
Diversion 

Entitlement 
(Water 

Right) (afy) 

Tribal 
Depletion 

Entitlement 
(Water 

Right) (afy) Scenario 

Tribal Demand 
(Diversion) 

Tribal 
Demand 

(Depletion) 

State 
Demand 

(Depletion) 
Tribal Demand 

(Diversion) 

Tribal 
Demand 

(Depletion) 
State Demand 

(Depletion) 

Tribal 
Demand 

(Diversion) 

Tribal 
Demand 

(Depletion) 

State 
Demand 

(Depletion) 
2015 (afy) 2035 (afy) 2060 (afy) 

UT 480,594 258,943 Enhanced 
Environment 
(D1) 

480,594 258,943 997,295 480,594 258,943 1,059,226 480,594 258,943 1,109,080 

Enhanced 
Environment 
(D2) 

506,798 272,045 1,010,397 560,470 298,881 1,111,176 637,286 337,289 1,211,531 

WY 0 0 All Scenarios No tribal entities in Wyoming receive Colorado River water. 

AZ 0 0 Current 
Projected (A) 49,125 47,987 45,610 49,207 47,707 45,610 49,207 47,707 45,610 

Slow Growth 
(B) 49,125 47,987 45,610 49,207 47,707 45,610 49,207 47,707 45,610 

Rapid Growth 
(C1) 43,437 42,431 40,054 61,088 59,226 57,129 77,621 75,255 68,768 

Rapid Growth 
(C2) 43,437 42,431 40,054 61,088 59,226 57,129 77,621 75,255 68,768 

Enhanced 
Environment 
(D1) 

49,125 47,987 45,610 49,207 47,707 45,610 49,207 47,707 45,610 

Enhanced 
Environment 
(D2) 

43,437 42,431 40,054 61,088 59,226 57,129 77,621 75,255 68,768 

1 The diversion and depletion demands of the Navajo Nation from the Colorado River in the Upper Basin in New Mexico are not limited by the Navajo Nation San Juan River in New 
Mexico Water Rights Settlement; however, the Navajo Nation agrees to be bound by the terms of that settlement so long as the Settlement is effective.  To the extent that the Navajo 
Nation demands exceed the amounts provided in the settlement, the Nation may seek to acquire water from other users or from sources other than the Colorado River to meet any 
unmet demands. 
2 The diversion and depletion associated with the demand for the Ute Indian Tribe of the Uintah and Ouray Reservation is dependent upon the re-ratification of the Revised Ute Indian 
Compact of 1990 by the tribe and the State of Utah. 
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TABLE C-7 
Lower Colorado River Tribal Rights and Tribal and State Future Demands 

State 

Tribal 
Diversion 

Entitlement 
(Water Right) 

(afy) Scenario 

Tribal 
Demand 

(Diversion) 

Tribal 
Demand 

(Depletion) 

State 
Demand 

(Depletion) 

Tribal 
Demand 

(Diversion) 

Tribal 
Demand 

(Depletion) 

State 
Demand 

(Depletion) 

Tribal 
Demand 

(Diversion) 

Tribal 
Demand 

(Depletion) 

State 
Demand 

(Depletion) 
2015 (afy) 2035 (afy) 2060 (afy) 

AZ 1,411,968 Current Projected (A) 1,226,804 991,458 2,971,627 1,389,573 1,154,227 3,139,792 1,389,573 1,154,227 3,498,169 

Slow Growth (B) 1,173,590 875,250 2,954,401 1,336,359 1,038,019 3,023,966 1,336,359 1,038,019 3,113,250 

Rapid Growth (C1) 1,243,260 1,007,533 3,062,675 1,463,628 1,226,025 3,474,004 1,516,340 1,277,130 4,294,372 

Rapid Growth (C2) 1,243,047 1,007,384 3,047,165 1,463,415 1,225,876 3,279,575 1,516,127 1,276,981 3,649,521 

Enhanced 
Environment (D1) 1,226,804 991,458 3,060,138 1,389,573 1,154,227 3,281,506 1,389,573 1,154,227 3,478,115 

Enhanced 
Environment (D2) 1,243,047 1,007,384 3,094,136 1,463,415 1,225,876 3,415,447 1,516,127 1,276,981 3,871,117 

CA 156,522 Current Projected (A) 156,522 91,995 4,979,059 156,522 91,995 4,973,679 156,522 91,995 5,203,358 

Slow Growth (B) 156,522 91,995 4,976,814 156,522 91,995 4,966,166 156,522 91,995 5,182,190 

Rapid Growth (C1) 156,522 91,995 4,987,463 156,522 91,995 5,038,886 156,522 91,995 5,335,818 

Rapid Growth (C2) 156,522 91,995 4,979,179 156,522 91,995 4,970,671 156,522 91,995 5,203,263 

Enhanced 
Environment (D1) 156,522 91,995 4,975,136 156,522 91,995 4,955,416 156,522 91,995 5,167,686 

Enhanced 
Environment (D2) 156,522 91,995 4,977,225 156,522 91,995 4,961,821 156,522 91,995 5,184,353 

NV 12,534 Current Projected (A)  12,534 9,000 300,000 12,534 9,000 385,309 12,534 9,000 517,042 

Slow Growth (B)  12,534 9,000 300,000 12,534 9,000 356,568 12,534 9,000 489,668 

Rapid Growth (C1) 12,534 9,000 300,000 12,534 9,000 426,713 12,534 9,000 600,049 

Rapid Growth (C2) 12,534 9,000 300,000 12,534 9,000 426,713 12,534 9,000 600,049 

Enhanced 
Environment (D1) 12,534 9,000 300,000 12,534 9,000 385,309 12,534 9,000 517,042 

Enhanced 
Environment (D2) 12,534 9,000 300,000 12,534 9,000 426,713 12,534 9,000 600,049 
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Tables C-6 and C-7 show that in some states, tribal demand is already equal to (or in some cases 
above) the quantified right in 2015 under all scenarios. Demand beyond the quantified rights, as 
seen under the Rapid Growth (C1 and C2) scenarios and the Enhanced Environment (D2) 
scenario in Arizona, New Mexico, and Utah, include unquantified rights and claims provided by 
the Navajo Nation. In those states that include scenarios where tribal demand is less than the 
right (Arizona, Utah, and New Mexico) the demand grows to reach the right by 2060. Under all 
scenarios for all states, with the exception of Colorado where tribal demand is not separated from 
other demands within the state, tribal demand has met or surpassed the quantified tribal right 
by 2060.  

These tables also demonstrate the importance of tribal water in Study Area demand. Tribal 
demand in the Study Area lags behind only M&I and agricultural demand.  

5.0 Mexico’s Allotment 
Mexico has an allotment to Colorado River water under Article 10 of the 1944 Treaty (United 
States and Mexico, 1944 [T.S. 994]). Article 10 of the 1944 Treaty states the following: 

“Of the waters of the Colorado River, from any and all sources, there are allotted to 
Mexico: 

(a) A guaranteed annual quantity of 1,500,000 acre-feet (1,850,234,000 cubic meters) to 
be delivered in accordance with the provisions of Article 15 of this Treaty. 

(b) Any other quantities arriving at the Mexican points of diversion, with the 
understanding that in any year in which, as determined by the United States Section, there 
exists a surplus of waters of the Colorado River in excess of the amount necessary to 
supply uses in the United States and the guaranteed quantity of 1,500,000 acre-feet 
(1,850,234,000 cubic meters) annually to Mexico, the United States undertakes to deliver 
to Mexico, in the manner set out in Article 15 of this Treaty, additional waters of the 
Colorado River system to provide a total quantity not to exceed 1,700,000 acre-feet 
(2,096,931,000 cubic meters) a year. Mexico shall acquire no right beyond that provided 
by this subparagraph by the use of waters of the Colorado River system, for any purpose 
whatsoever, in excess of 1,500,000 acre-feet (1,850,234,000 cubic meters) annually.  

In the event of extraordinary drought or serious accident to the irrigation system in the 
United States, thereby making it difficult for the United States to deliver the guaranteed 
quantity of 1,500,000 acre-feet (1,850,234,000 cubic meters) a year, the water allotted to 
Mexico under subparagraph (a) of this Article will be reduced in the same proportion as 
consumptive uses in the United States are reduced. 

The quantification of demand scenarios did not include the assessment of future demand for 
Colorado River water within Mexico. Future deliveries to Mexico in accordance with the 
1944 Treaty were included in the System Reliability Analysis phase of the Study, which assessed 
future imbalances within the Study Area. 

6.0 Reservoir Evaporation and other Losses 
Water loss categories were also defined for the Study; these are reservoir evaporation (water 
lost due to evaporation from reservoirs), phreatophyte use (water lost due to evapotranspiration 



Colorado River Basin  
Water Supply and Demand Study 
 
 

C-46   

by riparian vegetation along the Colorado River in the Lower Basin), and operational 
inefficiency9 (water unavailable for delivery due to operational inefficiencies in the Lower 
Basin). 

Losses for a number of the large mainstem reservoirs are directly calculated by CRSS. Other 
reservoirs and phreatophyte use are accounted for in the analysis by using an average of 
historical use.  

6.1 Reservoir Evaporation 
Reservoir evaporation varies annually, based on the surface area of a given reservoir and climatic 
conditions. Annual evaporation for the larger Basin reservoirs (Lower Basin: Lake Mead, Lake 
Mohave, and Lake Havasu; Upper Basin: Morrow Point, Blue Mesa, Crystal, Fontenelle, 
Flaming Gorge, Navajo, and Lake Powell) is calculated monthly through model simulation based 
on simulated conditions. Evaporation from other reservoirs in the Basin States is estimated from 
historical losses. Figure C-19 presents historical losses due to reservoir evaporation. Average 
annual evaporative losses between 1971 and 2010 are about 2 maf and 1.8 maf between 2000 
and 2010. Declining evaporative losses can be attributed to lower average reservoir storage. 

FIGURE C-19 
Reservoir Evaporative Losses  

 

                                                 
9 Operational inefficiency losses include return flows from the Wellton-Mohawk Irrigation and Drainage District that are not allowed to return to 

the river due to salinity concerns and non-storable flows that are delivered to Mexico in excess of Treaty requirements. 
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6.2 Phreatophyte Losses 
Phreatophytes are defined as deep-rooted plants that obtain water from the water table or in the 
vadose zone just above the water table. Phreatophyte losses are estimated for portions of the 
Lower Basin along the Colorado River mainstem and explicitly included in the water budget 
using those estimates. Phreatophyte losses in the Upper Basin are implicitly included in the water 
budget through the natural flow computations and therefore are not shown separately as losses. 

Since 1995, Reclamation has updated Lower Basin phreatophyte areas by comparing the current 
year Landsat summer satellite images to the previous year's images (spectral change detection 
methods). Reclamation field checks areas of spectral change to confirm that the change is 
actually due to change in land cover. The areas of land cover change are then mapped, and these 
maps are used to update the phreatophyte database. Reference evapotranspiration is calculated 
using the Penman-Monteith (PM) equation and applied to the phreatophyte database to arrive at a 
water demand. Further details can be found in the Lower Colorado River Accounting System 
reports (Reclamation, 2009). 

Before 1996, Davis Dam to Imperial Dam Lower Basin phreatophyte acreage was estimated, and 
the Blaney-Criddle (BC) model was used to estimate demand from 1971 to 1990 and a linear 
interpolation was employed from 1991 to 1994. Imperial Dam to Northerly International 
Boundary Lower Basin phreatophyte demand from 1971 to 1994 was estimated based on a 1995 
to 2008 linear relationship between phreatophyte demand at Davis Dam to Imperial Dam versus 
Imperial Dam to Northerly International Boundary. 

Historical and current phreatophyte use averages about 0.54 maf per year from 1971 to 2010 
and 0.64 maf per year from 2000 to 2010. Figure C-20 shows historical Lower Basin 
phreatophyte use. 

6.3 Operational Inefficiencies 
Operational inefficiency losses include return flows from the Wellton-Mohawk Irrigation and 
Drainage District that are not allowed to return to the river due to salinity concerns and non-
storable flows that are delivered to Mexico in excess of treaty requirements.  

Non-storable flows that were delivered to Mexico in excess of the 1944 Treaty over the period of 
1964 to 2009 averaged 74,000 afy, excluding years when flood control releases were made from 
Lake Mead or flooding on the Gila River. The construction of the Warren H. Brock Reservoir is 
expected to reduce this quantity by about 90 percent to 7,000 afy. 
 



Colorado River Basin  
Water Supply and Demand Study 
 
 

C-48   

FIGURE C-20 
Historical Lower Basin Phreatophyte Use, 1971–2010 

 
 

7.0 Approach for Incorporating Climate Change Effects 
on Demands 

Technical Report A – Scenario Development identified “changes in stream flow variability” and 
“trends and changes in climate variability” (for example, temperature, precipitation, etc.) as the 
most important and most uncertain of the critical uncertainties. Because of their importance, 
these critical uncertainties were considered separately from other driving forces and were 
considered across all future demand scenarios when matched with the Downscaled General 
Circulation Model (GCM) Projected water supply scenario. Future demands may be affected by 
climate change, primarily due to changes in ambient temperature and the amount and distribution 
of precipitation. The Study addressed possible effects of changing temperature and precipitation 
on evapotranspiration, which affected agriculture and outdoor M&I demand, and phreatophyte 
and reservoir evaporation losses.  

As noted, projection of future climate conditions is uncertain, and these uncertainties are further 
described in Technical Report B – Water Supply Assessment. There are varying methods for 
projecting future climate conditions, and new science and methods are continually being 
developed. The methods chosen for the Study represent one suite of available techniques.  
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Possible changes in demand related to climate change that were not evaluated in the Study 
include changes in water demand for energy production, changes to environmental flow 
requirements associated with increasing ambient temperature, and changes in crop type. 
Regarding water demand for energy production, the additional variability in water demands for 
energy due to climate change would likely be small compared with the overall uncertainty in 
future energy demands. For environmental flows, insufficient data currently exist to quantify 
new habitat and species flow needs due to climate change. Changes in crop type are highly 
uncertain, and there are insufficient data to understand how crop type will change in response to 
changes in temperature and precipitation.  

7.1 Climate Change Effects on Evapotranspiration  
Reclamation has historically used an empirically based approach, the BC or modified BC 
method, for calculating consumptive uses and losses in the Basin. As part of the hydrologic 
modeling for the Study, a more physically based method, PM, was used to estimate potential 
evapotranspiration (PET) under varying climatic conditions. A detailed analysis of these two 
methods and a description of the approach for incorporating climate information for adjusting 
demands are presented in appendix C15.  

Reclamation used the Variable Infiltration Capacity (VIC) hydrologic model to estimate 
hydrologic responses in the Basin for the purposes of estimating water supply under changing 
climate conditions. The VIC model incorporates the PM method for estimating PET in the daily 
water balance calculations. PET results from Reclamation’s VIC modeling were used in the 
Study to estimate the effects of climate change on demand. PET estimates may vary widely 
among various methods, but the PM method has been shown to estimate actual 
evapotranspiration from lysimeter and field studies most accurately (American Society of Civil 
Engineers, 2005; Jensen et al., 1990; and Hill et al., 1983). Different PET methods have been 
found to produce different results under similar climate change assumptions (McKenney and 
Rosenberg, 1993; Kingston et al., 2009; Bormann, 2011). It was found that the BC method 
produced the highest PET sensitivity to climate warming (greatest increase in PET per degree of 
warming) compared to four other methods for computing PET. The PM method produced 
changes in PET of approximately 2 to 3 percent per degree Celsius warming. This sensitivity was 
larger than that estimated under the Priestly-Taylor method and lower than that under the 
Hargreaves method; however, results were generally within 1 percent of these two methods. 
Conversely, the BC method, when simulated under identical meteorological conditions, suggests 
a change of almost double that in the other methods.  

In order to be consistent between the calculations used to generate water supply scenarios, the 
PM method, as implemented in the VIC model, was used to adjust agricultural, outdoor M&I 
demands, phreatophyte losses, and reservoir evaporation rates due to climate change. Details on 
the methods used to construct the climate index factors for adjusting demands and losses under 
climate change are included in appendix C15. The mean change in evapotranspirative demand is 
on the order of 4 percent by 2060 as compared to demands without changes in climate. Using the 
methods described in appendix C15 and applying the projected changes to all agricultural, 
outdoor M&I, and phreatophyte demands results in a total demand increase of over 500 kaf per 
year by 2060. These changes are projected to evolve over time with a warming climate, and 
could be higher or lower depending on the climate projection, but the magnitude of the climate 
impact to demands is expected to be substantial.  
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Figure C-21 presents the factors as applied to the Current Projected (A) scenario demands 
excluding Mexico’s allotment, reservoir evaporation10, and other losses11 (corresponding with 
the Colorado River demand shown in table C-4). The thick red line represents the average annual 
demand as adjusted for the climate change scenarios. This line can be compared to the 
unadjusted demands (thick black line). The thinner lines represent the adjustments associated 
with individual climate traces.  Similar adjustments were made to each of the demand scenarios 
when coupled with the GCM projected supply scenarios.   

FIGURE C-21 
Current Projected (A) Scenario Demands Adjusted for Future Climate Change 

 
 

7.2 Climate Change Effects on Reservoir Evaporation  
Reservoir evaporation will be affected by changes in temperature and rainfall in a similar 
manner to that for PET. Evaporation from mainstem reservoirs was calculated by estimating 
reservoir surface area and applying monthly unit net evaporation rates (evaporation minus 
precipitation). For the supply scenario representing climate change, projections of open 
water surface evaporation rates and precipitation were taken from the VIC model (see   

                                                 
10 Climate change effects on reservoir evaporation are adjusted dynamically through CRSS simulations. 
11 Phreatophytes are included in the “other losses” category. Losses due to phreatophytes are adjusted for climate change using similar methods 

as those proposed for agricultural irrigation.  
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Technical Report B – Water Supply Assessment) to adjust historical evaporation rates to 
reflect the changes in climate. The details of the climate factors that were used to modify 
reservoir evaporation are described in appendix C15. 

8.0 Limitations  
The projection of future demands for Colorado River water is inherently uncertain. Many factors 
influence the demand for water in each of the categories described in this technical report. 
Population, water use efficiency, agricultural markets, policy and regulations, social values, 
availability of other supplies, and other factors will all change in the future. This technical report 
describes the uncertainty in projecting future conditions through the use of alternative scenarios. 
The scenarios capture a view of future demands under only “external” factors and do not include 
activities by water management entities that may affect demand. Actual demands in the future 
will be the result of both external factors and more-direct, active management, just as demands 
were in the past. Active management is considered in the options and strategies portion of the 
Study.  

The quantification of scenarios relied predominantly on state-provided information guided by the 
storylines. Each state projects water demands in a slightly different manner and level of 
complexity, and relies on different data sources. The trends and projections of population, and 
trends in water use efficiency and agricultural acreage from previous regional studies, were 
provided to the Basin States for consideration and utilized to varying extent in development of 
demand projections. However, in many cases the detail from these previous studies was not 
sufficient to develop planning area level estimates as required for the Study. It was also not 
possible within the scope of the Study to develop Basin-wide demand projections based on a 
fully consistent analytical method that would include the important local differences in factors 
contributing to water demand. The demands presented in this technical report are a compilation 
of this information in the most consistent form possible. However, there are areas of difference 
with respect to treatment of data, reference points, assumptions, and computation methods. 
Evaluations were performed as part of the Study, and it is known that areas of difference 
continue to exist due to planning approach differences.  

The demand assessment did not explicitly include the effects of markets and pricing on water 
demand. However, the driving forces related to technology and economics were considered in 
the development of the water demand scenarios. The increasing scarcity costs of water price 
elasticity effects on demand may have been considered implicitly by the Basin States in the 
quantification of their water demand projections and the assumed levels of M&I and agricultural 
water conservation. Consideration of additional water conservation, with drivers related to 
environmental, social, and economic factors, was included in the development of options and 
strategies (see Technical Report F – Development of Options and Strategies). However, explicit 
consideration of the economic and pricing impacts on water demand was beyond the scope of the 
Study.  

Feedback of water shortage or climatic factors on population and population distribution was not 
explicitly considered in Study. While it has been suggested that some regions of the Basin may 
experience future climate conditions so extreme as to affect population migration changes, 
explicit consideration of these effects was considered too speculative for the Study. However, the 
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range of population projections considered in the Study is believed to be sufficiently broad for 
exploring future Colorado River water demand.  

Although these limitations exist, the Study represents a comprehensive, Basin-wide evaluation of 
future demands for the Colorado River Basin. Future planning efforts will improve upon these 
methods and limitations. 
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Disclaimer 
The Colorado River Basin Water Supply and Demand Study (Study) is funded jointly by the Bureau of 
Reclamation (Reclamation) and the seven Colorado River Basin States (Basin States). The purpose of 
the Study is to analyze water supply and demand imbalances throughout the Colorado River Basin and 
those adjacent areas of the Basin States that receive Colorado River water through 2060; and develop, 
assess, and evaluate options and strategies to address the current and projected imbalances.  
Reclamation and the Basin States intend that the Study will promote and facilitate cooperation and 
communication throughout the Basin regarding the reliability of the system to continue to meet Basin 
needs and the strategies that may be considered to ensure that reliability. Reclamation and the Basin 
States recognize the Study was constrained by funding, timing, and technological and other limitations, 
and in some cases presented specific policy questions and issues, particularly related to modeling 
and interpretation of the provisions of the Law of the River during the course of the Study. In such 
cases, Reclamation and the Basin States developed and incorporated assumptions to further complete 
the Study. Where possible, a range of assumptions was typically used to identify the sensitivity of the 
results to those assumptions. 
Nothing in the Study, however, is intended for use against any Basin State, any federally recognized 
tribe, the federal government or the Upper Colorado River Commission in administrative, judicial or 
other proceedings to evidence legal interpretations of the Law of the River. As such, assumptions 
contained in the Study or any reports generated during the Study do not, and shall not, represent a legal 
position or interpretation by the Basin States, any federally recognized tribe, federal government or 
Upper Colorado River Commission as it relates to the Law of the River. Furthermore, nothing in the 
Study is intended to, nor shall the Study be construed so as to, interpret, diminish or modify the rights 
of any Basin State, any federally recognized tribe, the federal government, or the Upper Colorado River 
Commission under federal or state law or administrative rule, regulation or guideline, including without 
limitation the Colorado River Compact (45 Stat. 1057), the Upper Colorado River Basin Compact 
(63 Stat. 31), the Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande, 
Treaty Between the United States of America and Mexico (Treaty Series 994, 59 Stat. 1219), the 
United States/Mexico agreement in Minute No. 242 of August 30, 1973 (Treaty Series 7708; 24 UST 
1968), or Minute No. 314 of November 26, 2008, or Minute No. 318 of December 17, 2010, or Minute 
No. 319 of November 20, 2012, the Consolidated Decree entered by the Supreme Court of the United 
States in Arizona v. California (547 U.S 150 (2006)), the Boulder Canyon Project Act (45 Stat. 1057), 
the Boulder Canyon Project Adjustment Act (54 Stat. 774; 43 U.S.C. 618a), the Colorado River 
Storage Project Act of 1956 (70 Stat. 105; 43 U.S.C. 620), the Colorado River Basin Project Act of 
1968 (82 Stat. 885; 43 U.S.C. 1501), the Colorado River Basin Salinity Control Act (88 Stat. 266; 
43 U.S.C. 1951) as amended, the Hoover Power Plant Act of 1984 (98 Stat. 1333), the Colorado River 
Floodway Protection Act (100 Stat. 1129; 43 U.S.C. 1600), the Grand Canyon Protection Act of 1992 
(Title XVIII of Public Law 102-575, 106 Stat. 4669), or the Hoover Power Allocation Act of 2011 
(Public Law 112-72). In addition, nothing in the Study is intended to, nor shall the Study be construed 
so as to, interpret, diminish or modify the rights of any federally recognized tribe, pursuant to 
federal court decrees, state court decrees, treaties, agreements, executive orders and federal trust 
responsibility. Reclamation and the Basin States continue to recognize the entitlement and right of 
each State and any federally recognized tribe under existing law, to use and develop the water of the 
Colorado River system. 
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Appendix C1 — Water Demand Sub-Team 
Members  

The information presented in Technical Report C – Water Demand Assessment is the outcome of 
a collaborative process involving representatives of numerous organizations.  

A list of Water Demand Sub-Team members and their affiliations is presented below.  

• Perri Benemelis, Arizona Department of Water Resources 
• Jim Prairie, Bureau of Reclamation  
• Greg Gates, CH2M HILL 
• Ted Kowalski, Colorado Water Conservation Board 
• Jennifer Pitt, Environmental Defense Fund 
• Jason John, Navajo Nation 
• John Whipple, New Mexico Interstate Stream Commission 
• Tom Maher, Southern Nevada Water Authority 
• Bill Hasencamp, The Metropolitan Water District of Southern California 
• Don Ostler, Upper Colorado River Commission 
• Andrew Hautzinger, U.S. Fish and Wildlife Service 

Alternate and/or contributing members who participated include: 

• Don Gross, Arizona Department of Water Resources 
• Brian Westfall, Keller-Bliesner Engineering (consultant for the Navajo Nation) 
• Michael Foley, Navajo Nation 
• Larry Tamashiro, Southern Nevada Water Authority 
• Janet Bair, U.S. Fish and Wildlife Service 
• Drew Beckwith, Western Resource Advocates 

Members added in November-December 2010 include: 

• Marc Waage, Denver Water 
• Carole Klopatek, Fort McDowell Yavapai Nation 
• Charles Vaughn, Hualapai Tribal Nation 
• Darryl Vigil, Jicarilla Apache Nation  
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Appendix C2 ─ Colorado Water Demand 
Scenario Quantification 

1.0 Introduction 
This appendix summarizes the data sources used in scenario quantification for Colorado River 
demand1 for the state of Colorado and presents the results of quantification. As presented in 
figure C2-1, Colorado is divided into a number of planning areas that align with river basins 
including the Colorado River and its tributaries (Yampa, White, Gunnison, Dolores, and San 
Juan Rivers) as well as the South Platte and Arkansas basins that are served by Colorado River 
water. Data collection and development were completed at the planning area level. 

The following sections present background information that summarizes the state’s planning 
areas as well as data sources used to quantify demand scenarios by category. Following the 
background section, results of demand scenario quantification are presented. The results section 
is broken out into a Colorado Study Area summary, followed by Colorado River demand by 
geography and finally by category.  

2.0 Background 
The Colorado Water Conservation Board (CWCB) is responsible for state-level water resource 
planning in Colorado. The CWCB has led numerous planning studies under the Statewide 
Water Supply Initiative (SWSI; CWCB, 2010a), leading to a number of available water supply 
planning reports. The SWSI process includes significant public and agency input for Colorado’s 
water resource planning.  

The CWCB coordinated Colorado’s efforts to provide information for scenario quantification. 
These efforts largely relied on information previously generated through the SWSI. However, 
new assumptions and/or data development were required where the assumptions of the Colorado 
River Basin Water Supply and Demand Study (Study) deviated from the SWSI process.  

2.1 Data Sources for Quantification 
This section discusses data sources for demand quantification by use category. Some category 
projections were based on relevant parameter data, while other category projections were 
developed directly as water demand. Sources include state, regional, and national agency reports. 

• Agricultural Demand: Irrigated acreage estimates were derived from SWSI table 4-10 
(CWCB, 2010a). The SWSI contemplated significant future transfers of agricultural lands 
and water rights to meet future demands. However, for the purposes of the Study, it was 
assumed that agricultural to municipal and industrial (M&I) transfers were only associated 
with physical land transfers due to urbanization, and not associated with additional dry-up 
outside urban corridors. This would allow increased M&I transfers to be considered as an 
option and strategy to meet supply and demand imbalances.  

                                                      
1 Colorado River demand as computed by Study Area demand minus other supplies. 
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FIGURE C2-1 
Colorado River Hydrologic Basin and Export Service Areas in Colorado 
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• M&I: Population and per capita water use values were derived from the SWSI process. 
Population projection values for the Study scenarios were derived from the “low,” 
“medium,” and “high” values associated with the SWSI (table 4-1) and were interpolated or 
projected as necessary to reflect the dates reported in the Study (for example, SWSI data 
from 2035 and 2050 were interpolated to arrive at 2060 data for the Study). Per capita water 
use values were derived from “passive” and currently planned “active” conservation. 
Representatives from the Colorado River Water Conservation District and the Front Range 
Water Council reviewed the SWSI “passive” numbers in detail and concluded that the values 
include active measures. SWSI gallons per capita per day numbers were not used directly; 
the values used were provided through personal communication with the referenced entities 
and CWCB (CWCB, 2012). 

• Energy: Energy demands were derived from SWSI table 4-8, with additional demands from 
Appendix F of the CWCB report, 2050 M&I Water User Projections (CWCB, 2010b).  

• Minerals: Demand for mineral production was derived from Upper Colorado River 
Commission Schedule of Colorado River demands from 2007. Water demand for mineral 
production was inadvertently excluded from the 2010 SWSI process.  

• Fish, Wildlife, and Recreation: No water demands were noted for fish, wildlife, and 
recreation.  

• Tribal: For Colorado, at the request of Ute Mountain Ute and Southern Ute Indian Tribes, 
tribal demands were not considered separately from the demand categories noted above. As 
such, tribal agricultural acreage, tribal populations, etc., are included in the other category 
estimates.  

3.0 Results of Water Demand Scenario Quantification 
This section summarizes Colorado’s Colorado River water demand trends by category across the 
scenarios. The purpose of this section is to describe changes in demands, both temporally and 
geographically, parameters that influence changes in demands, and how the parameters and 
demands differ among scenarios.  

Demands were first developed for areas that may be potentially served by Colorado River water 
(Study Area demands); independent of the source of supply. However, for areas outside of the 
hydrologic basin, a portion of the Study Area demand is satisfied from other supplies, such as the 
Arkansas or South Platte rivers. To develop estimates of the Colorado River water demand, the 
Study Area demand was reduced by estimates of available supply from other sources. This 
appendix focuses on Colorado River demands, but includes discussion of the Study Area 
parameters that led to these demands. 

The following sections summarize the results of demand scenario quantification, presenting 
Study Area demand and Colorado River water demand in Colorado, the Colorado River demand 
for the state and individual planning areas across the six scenarios, and the Colorado River water 
demand by category across the six scenarios. Parameters and demands for all categories and all 
scenarios, along with references for data sources, are included.  
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3.1 Summary Results of Scenario Quantification 
Values were developed for parameters and demands quantified for each of the scenarios. 
Table C2-1 presents summary results for the demand scenarios considered in the Study. The 
table presents agricultural and M&I demand parameters for Colorado’s Study Area, 
distinguishing the scenarios and the resulting Colorado River demands by category.  

Colorado estimates that slightly fewer than 6 million people will be in Colorado’s Study Area 
by 2015. This number is expected to increase to about 9 to 11 million by 2060. The greatest 
population growth is associated with the Rapid Growth (C1 and C2) scenarios and Enhanced 
Environment (D2). The Slow Growth (B) scenario has the lowest population growth of the 
scenarios (9.4 million by 2060), but still represents a growth of nearly 66 percent over 
2015 estimates.  

The growing municipal population, however, will continue to be more efficient in its per capita 
water use than today. Per capita water use, considering passive and active, or existing 
conservation levels, is expected to be 9 to 22 percent less in 2060 than in 2015. Although usage 
rates vary across Colorado’s planning areas, per capita reductions are assumed to be consistent 
across the planning areas.  

Irrigated acreage is projected to continue to decrease through 2060 under all scenarios. Under 
the Rapid Growth (C1 and C2) scenarios, projected irrigated acreage is reduced by about 
420,000 acres. Irrigated acreage is reduced by 150,000 acres in the Enhanced Environment (D1) 
scenario, with reductions of about 40,000 acres for the Current Projected (A), Slow Growth (B), 
and Enhanced Environment (D2) scenarios. These reductions in irrigated acreage are offset to 
some extent by increases in water delivery per acre as a result of more intense cultivation or full 
irrigation of remaining acreage, resulting in moderate decreases in demand for all scenarios but 
the Enhanced Environment (D2) scenario, in which demand increases by about 4 percent. 

 Water demands for energy and mineral categories are projected to increase under all scenarios. 
The growing need for energy sources (coal, solar, and oil shale) is projected to increase water 
demands. The largest increases in water demand for energy are anticipated in the Colorado River 
and White basins. Water needs for mineral extraction are projected to increase similarly in all 
planning areas except for the Front Range planning areas (South Platte and Arkansas), where 
water demands for mineral extraction are not identified, and the Dolores basin, where demands 
are small. 

For Colorado, tribal demands are embedded in other categories and not represented under the 
tribal category. 

Figure C2-2 presents demands across the scenarios in three panels as follows: 1) Study Area 
demand with other supplies and Colorado River demand2 identified, 2) Colorado River demand, 
and 3) change in Colorado River demand by demand category.  

 
  

                                                      
2 Losses due to reservoir evaporation are not part of this total.  
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TABLE C2-1  
Summary Results of Colorado Water Demand Scenario Quantification by 2060 

Key Study Area Demand Scenario Parameters 

 2015 1 
2060 Scenario Parameters 

A B C1 C2 D1 D2 
Population (millions) 5.7 9.9 9.4 11.1 11.1 9.9 11.1 
Change in per capita water usage (%), 
from 2015 — ‐9% ‐9% ‐9% ‐20% ‐22% ‐20% 

Irrigated acreage (millions of acres) 2.17 2.13 2.13 1.75 1.75 2.02 2.13 

Change in per acre water delivery (%), 
from 2015 — +0% +0% +2% +12% ‐1% +8% 

Study Area Demand (thousand acre-feet [kaf]) 

 2015 1 
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 6,132 5,991 5,991 4,775 5,252 5,767 6,367 
M&I demand 1,139 1,701 1,630 1,891 1,637 1,429 1,637 
Energy demand 76 195 135 255 135 128 135 
Minerals demand 32 60 60 66 54 54 54 
FWR demand 0 0 0 0 0 0 0 

Tribal demand2 0 0 0 0 0 0 0 
Total Study Area Demand3 7,379 7,947 7,816 6,987 7,079 7,378 8,193 

Colorado River Demand (kaf) 

 2015 1 
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 1,875 1,875 1,875 1,728 1,867 1,711 2,029 
M&I demand 455 732 661 1,007 931 711 890 
Energy demand 30 118 58 178 58 58 58 
Minerals demand 32 60 60 66 54 54 54 

FWR demand 0 0 0 0 0 0 0 
Tribal demand2 0 0 0 0 0 0 0 
Total Colorado River Demand3 2,391 2,784 2,653 2,979 2,910 2,534 3,030 
1 If range across scenarios is less than 10 percent, Current Projected (A) is presented. Otherwise, range (min – max) is 

presented. 
2 Tribal demands are included in other demand categories. 
3 Excludes potential losses (reservoir evaporation, phreatophytes, and/or operational inefficiencies) that may be charged to 

state. 
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FIGURE C2-2 
Study Area Demand, Colorado River Demand, and Change in Colorado River Demand  
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From panel one it can be seen that Study Area demand increases from about 7 million acre-feet 
(maf) in 2015 to up to 8.2 maf by 2060. The demand change across scenarios in 2060 is 
projected to be as low as a reduction of 0.4 maf or as high as an increase of 0.8 maf. The growth 
in Colorado River demand from 2015 to 2060 is projected to be as much as 0.6 maf with the 
Front Range, and in particular the South Platte planning area, growing by about 60 percent. 
About 60 percent of the Study Area demand is expected to be met by other supplies. 

Panel two provides a view of the range across scenarios of Colorado River demand. Colorado 
River demand increases from about 2.4 maf in 2015 to between 2.5 and 3.0 maf in 2060 (or 6 to 
27 percent) depending on the scenario. This difference results in a Colorado River demand range 
of about 0.5 maf across the scenarios in 2060, or about 20 percentage points.  

Panel three shows how specific categories affect the projected change in Colorado River demand 
by scenario. Although the single largest component of demand is agricultural (~70 percent), most 
of the growth in demand is driven by increases in M&I demand and more specifically by 
increases in population. Of the growing categories of Colorado River demand, between 70 and 
90 percent of the growth is contributed by the M&I demand category. Some portion of this 
increase is generally offset by decreases in agricultural demand, except under the Current 
Projected (A) and Slow Growth (B) scenarios, in which agricultural demand is constant, and 
under the Enhanced Environment (D2) scenario, in which agricultural demand increases 
significantly due to greater water delivery per acre. Water for energy and mineral demand make 
up the remaining increases in demand, with a significant increase in energy demand under the 
Rapid Growth (C1) scenario due to increased demand for oil shale production. 

Figure C2-3 ties historical water use to the range of Colorado River demand in the quantified 
scenarios. The 0.5 maf range across scenarios in 2060 is easily discernible, with a relatively even 
spread over the range across the scenarios. In addition, it appears that the quantified scenarios 
track well with the peaks in historical uses that likely represent the least supply-limited 
conditions or actual demand.  

3.2 Colorado River Water Demand by Geography  
Colorado River water demand for areas served by the Colorado River is presented in figures 
C2-4, C2-5, and C2-6. These figures show two geographic levels: Study Area in Colorado, and 
individual planning areas. Demands at each geographic level are shown across the scenarios. The 
columns to the right show the Colorado River demand at a point in time (2015, 2035, or 2060) by 
relative contribution of the categories.  

The change in both magnitude and percentage of Colorado River demand3 varies considerably 
across the planning areas. The South Platte planning area shows the greatest magnitude and rate 
of overall growth in Colorado River demand from 2015 to 2060 across the scenarios, with 
between about 0.1 and 0.4 maf making up between 40 and 100 percent of the total growth in 
Colorado. This growth is primarily due to population growth, with between 70 and 90 percent 
of the increase in the growing sectors occurring in M&I demand. Demands for the Arkansas 
planning area are projected to grow by about 0.04 to about 0.14 maf, due to population growth. 
Demand in the Yampa planning area is projected to grow by between 0.02 and 0.04 maf, due 

                                                      
3 Potential Colorado River demand is based on changes in parameters such as population and for the purpose of the Study is 

            not limited by apportionment.  
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primarily to growth in water demand for energy. The other planning areas consistently make up 
the remaining growth, with greater relative contributions (more than 20 percent of total growth) 
from the Colorado River and White planning areas under the Current Projected (A) and Rapid 
Growth (C1) scenarios, respectively, due primarily to growth in demand for energy.  

When demands by category are examined in figure C2-5, the mix of demand categories varies 
between the hydrologic basin and adjacent areas, with agricultural demand dominating the 
hydrologic basin and M&I demand at 50 percent or greater in the two adjacent planning areas.  

Figure C2-6 shows the change in Colorado River demand by category from 2015 across the 
scenarios. The mix of demand categories across the planning areas varies considerably, with 
change in demand in the South Platte and Arkansas dominated by M&I and a range of increases 
and significant decreases in agricultural demand varying by basin and scenario.  

 
FIGURE C2-3 
Historical Use and Future Projected Demand Excluding Reservoir Evaporation1 

 
1Reservoir evaporation on the order of 430 thousand acre-feet is not included in this plot. 
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FIGURE C2-4 
Colorado River Demand in Colorado 
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FIGURE C2-5 
Colorado River Demand by Category  
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FIGURE C2-6 
Change in Colorado River Demand in Colorado from 2015 by Category 
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3.3 Colorado River Demand by Category 

3.3.1 Agriculture 
Agricultural water demand is driven by irrigated acreage and water delivery per acre. Water 
delivery per acre is the amount of water diverted per irrigated acre. Components of this use 
include transmission and delivery losses (surface evaporation, riparian demand, and seepage), 
and on-farm losses that are made up of evaporation, crop irrigation requirements, and tail water 
(return). Each of these factors will vary by location (precipitation, growing season, etc.), 
irrigation method, and crop type.  
Colorado River Simulation System (CRSS) does not represent smaller tributaries in Colorado. 
Inflow nodes are only included for the Mainstem Colorado, Gunnison, Yampa, San Juan, and 
White Rivers. Demands upstream of these inflow nodes are aggregated and represented at those 
same locations. A significant portion of the aggregated irrigation demands divert from the 
smaller tributaries and are unable to receive a full water supply during the irrigation seasons, due 
to either physical flow limitations or the need to bypass water to satisfy downstream senior 
demands. Because of CRSS limitations, Colorado demands represent supply-limited conditions 
instead of full irrigation demands. 

Figure C2-7 presents the following by scenario in 2015, 2035, and 2060:  
• Agricultural demand for Colorado River water 

• Agricultural demand for Colorado River water by planning area 

• Agricultural demand as a portion of Colorado River water demand (right hand side of graph) 
As can be seen from figure C2-7, agricultural water demand is the largest component of 
Colorado River demand in Colorado, dropping from about 78 percent in 2015 to between 58 and 
71 percent of Colorado River demand in 2060, depending on which scenario is considered. This 
drop results from both a decrease in agricultural water demand and an increase in other 
categories of demand. 
Colorado River demand for agricultural use decreases over time from 2015 to 2060 in the Rapid 
Growth (C1 and C2) and Enhanced Environment (D1) scenarios and increases in the Enhanced 
Environment (D2) scenario. The decreases are entirely due to a loss of irrigated acreage. The 
increase in demand in the Enhanced Environment (D2) scenario because decreases in irrigated 
acreage are overcome by increases in water delivery per acre due to more intensive agricultural 
production on these lands.  
In examining the planning areas, agricultural demand consistently decreases in the Rapid Growth 
(C1) and Enhanced Environment (D1) scenarios and increases in the Enhanced Environment 
(D2) scenario, with variability from planning area to planning area in Rapid Growth (C2) 
scenario. The largest decrease in demand occurs in the Colorado River planning area.  
A strong driver for loss of agricultural acreage is urbanization, leading to physical loss of acreage 
and market pressure for transfer of water rights. Increases in water delivery per acre are due to 
better delivery mechanisms or storage, allowing for more use of water on the same acreage in a 
given growing season. 
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FIGURE C2-7 
Change in Colorado River Demand in Colorado from 2015 for Agriculture 
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Municipal and Industrial 
M&I water demand can be estimated from population and M&I per capita water use, with the 
addition of self-served industrial (SSI) demand. M&I per capita water use is a measure of the 
amount of water produced or diverted per person in a given municipality. Because this measure 
examines all water produced by a given municipality, it often includes industrial, commercial, 
and institutional demand as well as residential demand. A number of factors may influence the 
M&I per capita water use of a given community, including the amount of industrial demand, 
climate, number of institutional facilities, and number of visitors. 

SSI users are industries located in a given area that have their own water supply systems and are 
therefore not directly related to local measures of population and M&I per capita water use. 

Figure C2-8 presents the following by scenario in 2015, 2035, and 2060:  

• M&I demand for Colorado River water in the Study Area 
• M&I demand for Colorado River water in individual planning areas 
• M&I demand as a portion of Colorado River water demand (right hand side of graph) 
As can be seen from figure C2-8, M&I water demand is the second largest component of 
Colorado River demand, increasing from about 19 percent in 2015 to between 25 and 34 percent 
of Colorado River demand in 2060, depending on which scenario is considered. 

Colorado River demand for M&I use increases over time from 2015 to 2060 across all scenarios. 
The increase is primarily due to population increase, as M&I per capita water use decreases over 
time across all scenarios and SSI demand nominally increases or decreases.  

In examining the planning areas, between 60 and 75 percent of the increase in M&I demand for 
Colorado River water from 2015 to 2060 over time is due to population increase in the South 
Platte across all scenarios. The remaining increase in demand is primarily from M&I demand in 
the Arkansas, with some increase in the Colorado River planning area.  

Increases in population are somewhat tempered by decreases in M&I per capita water use. Per 
capita water use decreases in all scenarios, with reductions ranging from 9 to 22 percent by 2060. 

3.3.2 Energy 
Water demand for energy can be estimated through known plans for new power plants or 
through applying a per capita energy water use factor. Power facilities often serve areas remote 
from their locations and therefore potentially represent exports or imports of energy and water 
from the Study Area to meet these distributed needs.  

Figure C2-9 presents the following by scenario in 2015, 2035, and 2060:  
• Energy demand for Colorado River water 
• Energy demand for Colorado River water by planning area 
• Energy demand as a portion of total Colorado River water demand (right hand side of graph) 
As can be seen from figure C2-9, energy water demand is a small fraction of Colorado River 
demand, increasing from about 1.3 percent of in 2015 to between 2 and 6 percent of Colorado 
River demand in 2060, depending on which scenario is considered. 
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FIGURE C2-8 
Change in Colorado River Demand in Colorado from 2015 for M&I 
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FIGURE C2-9 
Change in Colorado River Demand in Colorado from 2015 for Energy 
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Energy demand for Colorado River water increases over time from 2015 to 2060 across all 
scenarios, with notable increases for the Current Projected (A) and Rapid Growth (C1) scenarios 
primarily due to oil shale production.  

Energy demands are shown in the Yampa, White, San Juan, and Colorado River planning areas. 
Consistent increases occur in the Yampa planning area across all scenarios. The White planning 
area shows significant increases in energy demand in the Rapid Growth (C1) scenario, with 
nominal increases in the remaining scenarios. The San Juan planning area shows a consistent 
increase in energy demand across the scenarios. The Colorado River planning area shows 
significant increases in energy demand in the Current Projected (A) and Rapid Growth (C1) 
scenarios, with nominal increases in the remaining scenarios. 

3.3.3 Minerals Extraction 
Water demand for mineral production can be estimated through existing uses and known plans 
for extraction in the Study Area. Water demand for mineral production can vary significantly 
based on market prices for a given product.  

Figure C2-10 presents the following by scenario in 2015, 2035, and 2060:  

• Mineral production demand for Colorado River water 

• Individual planning area mineral production demand for Colorado River water 

• Minerals demand as a portion of Colorado River demand (right hand side of graph) 
As can be seen from figure C2-10, minerals water demand is a small fraction of Colorado River 
demand, increasing from about 1.3 percent in 2015 to about 2 percent of Colorado River demand 
in 2060, depending on which scenario is considered. 

Minerals demand for Colorado River water increases over time from 2015 to 2060 across all 
scenarios.  

Demand for Colorado River water for minerals production is present in all of the planning areas 
in the hydrologic basin to varying degrees. The Yampa and Colorado River planning areas make 
up about 33 percent of the increase in demand each, with the Gunnison and San Juan planning 
areas making up about 16 percent of the increase each. Demand in the Dolores planning area is 
small and constant. 

3.3.4 Fish, Wildlife, and Recreation 
There are no consumptive fish, wildlife, and recreation demands on Colorado River water in 
Colorado.  

3.3.5 Tribal 
Tribal demands are represented as components of the other categories previously presented. The 
tribal reserved water rights are the senior rights in the San Juan basin in Colorado; therefore, in 
times when full basin demands cannot be met, the first water diverted in the basin is essentially 
for tribal water right diversions. The category totals in tables C2-2 to C2-5 include Southern Ute 
Indian Tribe and Ute Mountain Ute Indian Tribe demands.  

For additional information on tribal demands, see appendix C9. 
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FIGURE C2-10 
Change in Colorado River Demand in Colorado from 2015 for Minerals 
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3.4 Summary Tables of Parameters and Demands by Category 
Tables C2-2 to C2-7 present the specific parameter data collected by planning area. Each table is 
a complete set of data for a given scenario. These data were used to develop Study Area demands 
and subsequently Colorado River demands once other supplies were considered. These tables 
provide the specific information used in the creation of the summary and category plots 
previously discussed and provide reference information for the data provided. 
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TABLE C2-2 
Total Demand within Study Area under Current Projected (A) Scenario 
 

 
 
 
 
 

LEGEND: 999 From States 999 From State Plans
Units are thousand acre-feet per year, unless otherwise noted 999 Calculated 999 From Study Team

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 270 270 270 269 269 269 93 93 93 27 27 27 220 220 220 40 40 40 918 918 918 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.85 6.85 6.85 6.89 6.89 6.89 4.44 4.44 4.44 10.25 10.25 10.25 3.52 3.52 3.52 3.70 3.70 3.70 5.79 5.79 5.79 2
Consumptive factor [%] 26% 26% 26% 26% 26% 26% 34% 34% 34% 15% 15% 15% 43% 43% 43% 37% 37% 37% 29% 29% 29% 3

Demand (Consumptive) 485 485 485 490 490 490 140 140 140 41 41 41 330 330 330 54 54 54 1,539 1,539 1,539
Municipal and Industrial (M&I) Population [thousands] 357 558 836 121 184 244 42 65 113 10 16 28 85 130 175 36 56 75 651 1,008 1,471 5

M&I Per Capita Use (Diversion) [gpcd] 181 173 164 173 166 157 228 219 208 228 219 208 182 174 165 182 174 165 183 176 167 6
Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 7

M&I Demand (Consumptive) 25 38 54 8 12 15 4 6 9 1 1 2 6 9 11 3 4 5 47 69 96
Self Served Industrial Demand (Consumptive) 3 5 5 0 1 1 7 10 10 0 0 0 0.4 0.4 0.4 0 0 0 11 16 16 8

Demand (Consumptive) 29 43 58 9 13 16 11 16 19 1 1 2 6 9 12 3 4 5 58 85 112
Energy Demand (Consumptive) 2 30 65 0 0 0 25 40 42 1 4 6 2 4 5 0 0 0 30 78 118 9
Minerals Demand (Consumptive) 10 18 19 5 9 9 10 20 20 1 2 2 5 10 10 1 1 1 32 59 60 10
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11

Total Hydrologic Basin Demand (Consumptive) 525 575 626 503 512 515 186 215 221 44 48 51 343 352 356 58 59 60 0 0 0 0 0 0 1,659 1,762 1,829

Adjacent Areas
Agricultural Irrigated Acreage [thousands] 828 810 789 428 427 426 1,255 1,237 1,215 12

Per-Acre Water Delivery (Diversion) [af/ac/yr] 3.50 3.50 3.50 3.97 3.97 3.97 3.66 3.66 3.66 2
Consumptive factor [%] 38% 38% 38% 32% 32% 32% 36% 36% 36% 3

Demand (Diversion) 2,893 2,832 2,758 1,700 1,697 1,693 4,593 4,529 4,451 4, 20
Demand (Consumptive) 1,112 1,089 1,061 543 542 541 1,656 1,631 1,602

Municipal and Industrial (M&I) Population [thousands] 3,945 5,244 6,581 1,079 1,451 1,846 5,024 6,695 8,427 13
M&I Per Capita Use (Diversion) [gpcd] 170 164 154 184 176 167 173 167 157 6

Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35% 7
M&I Demand (Diversion) 751 963 1,135 222 286 345 973 1,249 1,481 8

Self Served Industrial Demand (Diversion) 59 59 59 49 49 49 108 108 108 14
Demand (Diversion) 810 1,022 1,194 271 335 395 1,081 1,358 1,589

Demand (Consumptive) 322 396 456 127 150 170 449 546 627
Energy Demand (Diversion) 36 47 59 10 15 18 46 62 78 15
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0 16

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,739 3,901 4,012 1,982 2,047 2,106 5,720 5,949 6,118 17

Total Demand in the Study Area 525 575 626 503 512 515 186 215 221 44 48 51 343 352 356 58 59 60 3,739 3,901 4,012 1,982 2,047 2,106 7,379 7,710 7,947 18

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,204 3,268 3,315 1,784 1,813 1,848 4,988 5,082 5,163

Potential Colorado River Demand 525 575 626 503 512 515 186 215 221 44 48 51 343 352 356 58 59 60 534 633 697 198 234 258 2,391 2,629 2,784 19, 21
Agricultural Colorado River Demand 485 485 485 490 490 490 140 140 140 41 41 41 330 330 330 54 54 54 187 187 187 148 148 148 1,875 1,875 1,875 22
Municipal and Industrial Colorado River Demand 29 43 58 9 13 16 11 16 19 1 1 2 6 9 12 3 4 5 347 446 510 49 86 110 455 617 732
Energy Colorado River Demand 2 30 65 0 0 0 25 40 42 1 4 6 2 4 5 0 0 0 0 0 0 0 0 0 30 78 118
Minerals Colorado River Demand 10 18 19 5 9 9 10 20 20 1 2 2 5 10 10 1 1 1 0 0 0 0 0 0 32 59 60
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Dolores South Platte ArkansasColorado River Gunnison Yampa White San Juan STATE TOTAL
Notes

FRONT RANGE FRONT RANGE
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Notes: 

1) Based on Colorado Decision Support System estimates, also used in SWSI. Irrigated acreage in the Colorado River basin-estimated to remain constant (SWSI table 4-10). 

2) Calculated from SWSI as headgate diversion to irrigation divided by acreage. See supporting table below. 

3) System efficiency = supply-limited consumptive use divided by headgate diversions. See supporting table below. 

4) Diversions in the South Platte and Arkansas include both surface water and alluvial ground water sources. 

5) Population for 2015 interpolated between SWSI 2008 and SWSI 2035 estimates. Population for 2035 from SWSI. Population for 2060 extrapolated based SWSI increases 
between 2035 and 2050 medium estimates (SWSI table 4-1). 

6) Per capita water withdrawal demands based on SWSI 2010 estimates, reduced by 10 percent in 2060 based on description in current trend analysis (table 4-3). 

7) Consumptive use efficiency factor from CWCB CU&L Report. 

8) Industrial based on SWSI table 4-8. Includes "Large Industry" and "Snowmaking" categories. Assumed to be 100 percent consumptive. 

9) Energy demands based on SWSI table 4-8. Includes "Energy Development" and Thermoelectric" categories through 2050. An additional 60,000 acre-feet (af) is estimated to 
occur in the Colorado River basin based on the CWCB 2050 M&I Water User Projections July 2010 Report, Appendix F Medium projection. Assumed to be 100 percent 
consumptive. 

10) Mineral uses were not included in SWSI. Uses are from the UCRS Schedule. 

11) Tribal demands are included in the San Juan basin demands under the specific demand category. Their demands are estimated using the same parameters for Ag and M&I. 

12) Per the Current Trend Storyline, agricultural use in the Arkansas and South Platte basins stay relatively constant. 2060 numbers reflect reduction based on table 4-11 low 
"decrease in acreage due to Urbanization". 2035 represents 1/2 of the low decrease in acreage due to urbanization value. 

13) See 5) Population estimates for the entire Arkansas Basin; and the South Platte and Metro estimates combined from SWSI. Note that the entire South Platte and Arkansas 
basin cannot receive Colorado River basin water. 

14) Industry demands based on SWSI Large Industry demands. Note that this is appropriate because there is no mining included in the South Platte and Arkansas estimates. 2008 
estimates are used for 2011. There is no change shown between 2035 and 2050, therefore 2050 estimates are used for 2060. (SWSI table 4-4). Assumed 100 percent 
consumptive. 

15) Energy demands for the Arkansas and the South Platte represent SWSI Thermoelectric Power demands. 2008 values were used for 2011, 2050 medium level was used to 
estimate 2060. (SWSI table 4-6) 

16) Based on SWSI estimates – no mineral, fish and wildlife, or tribal use in the Arkansas and South Platte. 

17) Note that Arkansas and South Platte estimates do not include losses due to Reservoir Evaporation, estimated to be as high a as 500,000 af. 

18) Calculated from the sum of Hydrologic Basin (Consumptive) Demand and Adjacent Areas (Diversion) Demand. 

19) Current trans-Basin diversions based on recent averages and SWSI estimates split between basins based on average annual diversion over the 2000 to 2010 period. Future 
exports consider reuse of trans-Basin water. Note that essentially 100 percent of current trans-Basin water is reused within the service area – not necessarily by the original 
user (i.e., return flows from municipal exports may be reused by agricultural users). 

20) Agricultural transfers reduce the diversion demand only by the consumptive use portion—under Colorado Water Law, the return flows must be left in the river for the 
downstream diverters who have historically re-diverted them. 

21) As new Colorado River water is brought to the front range for municipal use, it will move towards 100 percent consumptive by the importing entity (100 percent reuse). 

22) Colorado River demand in adjacent areas is distributed amongst categories according to current estimated distribution of trans-Basin diversions.  



Colorado River Basin 
Water Supply and Demand Study 

C2-22 December 2012 

TABLE C2-3 
Total Demand within Study Area under Slow Growth (B) Scenario 
 

 
 
 
 
 

COLORADO LEGEND: 999 From Current Projected Data She 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 270 270 270 269 269 269 93 93 93 27 27 27 220 220 220 40 40 40 918 918 918 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.85 6.85 6.85 6.89 6.89 6.89 4.44 4.44 4.44 10.25 10.25 10.25 3.52 3.52 3.52 3.70 3.70 3.70 5.79 5.79 5.79 2
Consumptive factor [%] 26% 26% 26% 26% 26% 26% 34% 34% 34% 15% 15% 15% 43% 43% 43% 37% 37% 37% 29% 29% 29%

Demand (Consumptive) 485 485 485 490 490 490 140 140 140 41 41 41 330 330 330 54 54 54 1,539 1,539 1,539
Municipal and Industrial (M&I) Population [thousands] 357 531 748 121 169 230 42 61 86 10 15 20 85 118 159 36 51 68 651 945 1,312 3

M&I Per Capita Use (Diversion) [gpcd] 181 173 164 173 166 157 228 219 208 228 219 208 182 174 165 182 174 165 183 176 166 4
Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35%

M&I Demand (Consumptive) 25 36 48 8 11 14 4 5 7 0.9 1 2 6 8 10 3 3 4 47 65 86
Self Served Industrial Demand (Consumptive) 3 5 5 0.3 0.7 0.7 7 10 10 0 0 0 0.4 0.4 0.4 0 0 0 11 16 16 5

Demand (Consumptive) 29 41 53 9 12 15 11 15 17 0.9 1 2 6 8 11 3 3 4 58 81 102
Energy Demand (Consumptive) 2 3 5 0 0 0 25 40 42 1 4 6 2 4 5 0 0 0 30 51 58 6
Minerals Demand (Consumptive) 10 18 19 5 9 9 10 20 20 1 2 2 5 10 10 1 1 1 32 59 60 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

Total Hydrologic Basin Demand (Consumptive) 525 547 561 503 511 514 186 215 219 44 48 50 343 352 355 58 59 60 0 0 0 0 0 0 1,659 1,731 1,758

Adjacent Areas
Agricultural Irrigated Acreage [thousands] 828 810 789 428 427 426 1,255 1,237 1,215 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 3.50 3.50 3.50 3.97 3.97 3.97 3.66 3.66 3.66 11
Consumptive factor [%] 38% 38% 38% 32% 32% 32% 36% 36% 36%

Demand (Diversion) 2,893 2,832 2,758 1,700 1,697 1,693 4,593 4,529 4,451
Demand (Consumptive) 1,112 1,089 1,061 543 542 541 1,656 1,631 1,602

Municipal and Industrial (M&I) Population [thousands] 3,945 5,020 6,364 1,079 1,366 1,724 5,024 6,386 8,088 12
M&I Per Capita Use (Diversion) [gpcd] 170 164 154 184 176 167 173 167 157 13

Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35%
M&I Demand (Diversion) 751 922 1,098 222 269 323 974 1,191 1,420

Self Served Industrial Demand (Diversion) 59 59 59 49 49 49 108 108 108 14
Demand (Diversion) 810 981 1,157 272 319 372 1,082 1,300 1,529

Demand (Consumptive) 284 343 405 95 112 130 379 455 535
Energy Demand (Diversion) 36 47 59 10 15 18 46 62 78 15
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,739 3,860 3,974 1,982 2,030 2,083 5,721 5,891 6,058

Total Demand in the Study Area 525 547 561 503 511 514 186 215 219 44 48 50 343 352 355 58 59 60 3,739 3,860 3,974 1,982 2,030 2,083 7,380 7,621 7,816

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,204 3,268 3,315 1,784 1,813 1,848 4,988 5,082 5,163 19

Potential Colorado River Demand 525 547 561 503 511 514 186 215 219 44 48 50 343 352 355 58 59 60 534 592 660 198 217 235 2,391 2,540 2,653 20
Agricultural Colorado River Demand 485 485 485 490 490 490 140 140 140 41 41 41 330 330 330 54 54 54 187 187 187 148 148 148 1,875 1,875 1,875 21
Municipal and Industrial Colorado River Demand 29 41 53 9 12 15 11 15 17 0.9 1 2 6 8 11 3 3 4 347 405 473 50 69 87 455 555 661
Energy Colorado River Demand 2 3 5 0 0 0 25 40 42 1 4 6 2 4 5 0 0 0 0 0 0 0 0 0 30 51 58
Minerals Colorado River Demand 10 18 19 5 9 9 10 20 20 1 2 2 5 10 10 1 1 1 0 0 0 0 0 0 32 59 60
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

STATE TOTAL
Notes

Dolores South Platte ArkansasColorado River Gunnison Yampa White San Juan
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Notes: 
1) No changes from Current Projected. 
2) No changes from Current Projected. 
3) Used low population estimates from the SWSI table 4-1 for all basins. 2035 and 2060 interpolated from 2015 estimates and 2050 low estimates. 
4) No changes from Current Projected. 
5) No changes from Current Projected. 
6) Energy demands based on SWSI table 4-8. Includes Energy Development" and Thermoelectric categories through 2050. Assumed to be 100 percent 

consumptive. 

7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 
12) Used low population estimates from the SWSI table 4-1 for all basins. 2035 and 2060 interpolated from 2015 estimates and 2050 low estimates. 
13) No changes from Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Set to Current Trend estimates based on same trends to increase use of existing projects and non-tributary groundwater. 
20) Total Adjacent Area demand less Demand that may be met by Other Supplies. 
21) Agricultural Use is estimated to be same as Current Projected for Adjacent Areas. Remaining Adjacent Area use is estimated to be M&I. 
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TABLE C2-4 
Total Demand within Study Area under Rapid Growth (C1) Scenario 
 

 
 
 
 
 

COLORADO LEGEND: 999 From Current Projected Data She 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 270 240 217 269 259 251 93 91 89 27 26 26 220 216 213 40 39 39 918 871 835 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.85 6.85 6.85 6.89 6.89 6.89 4.44 4.44 4.44 10.25 10.25 10.25 3.52 3.52 3.52 3.70 3.70 3.70 5.79 5.75 5.71 2
Consumptive factor [%] 26% 26% 26% 26% 26% 26% 34% 34% 34% 15% 15% 15% 43% 43% 43% 37% 37% 37% 29% 29% 29%

Demand (Consumptive) 485 430 389 490 471 457 140 137 134 41 40 39 330 324 320 54 53 53 1,539 1,455 1,392
Municipal and Industrial (M&I) Population [thousands] 357 628 968 121 189 274 42 88 146 10 21 36 85 136 200 36 58 86 651 1,121 1,709 3

M&I Per Capita Use (Diversion) [gpcd] 181 173 164 173 166 157 228 219 208 228 219 208 182 174 165 182 174 165 183 176 168 4
Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35%

M&I Demand (Consumptive) 25 43 62 8 12 17 4 8 12 0.9 2 3 6 9 13 3 4 6 47 78 112
Self Served Industrial Demand (Consumptive) 3 5 5 0.3 0.7 0.7 7 10 10 0 0 0 0.4 0.4 0.4 0 0 0 11 16 16 5

Demand (Consumptive) 29 47 67 9 13 18 11 18 22 0.9 2 3 6 10 13 3 4 6 58 93 128
Energy Demand (Consumptive) 2 41 95 0 0 0 25 40 42 1 15 36 2 4 5 0 0 0 30 101 178 6
Minerals Demand (Consumptive) 10 20 20 5 10 10 10 21 22 1 2 2 5 11 11 1 1 1 32 65 66 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

Total Hydrologic Basin Demand (Consumptive) 525 538 571 503 494 485 186 216 220 44 59 80 343 348 349 58 58 59 0 0 0 0 0 0 1,659 1,715 1,764
2 30 65

Adjacent Areas
Agricultural Irrigated Acreage [thousands] 828 677 564 428 386 355 1,255 1,063 919 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 3.50 3.50 3.50 3.97 3.97 3.97 3.66 3.67 3.68 11
Consumptive factor [%] 38% 38% 38% 32% 32% 32% 36% 36% 36%

Demand (Diversion) 2,893 2,366 1,972 1,700 1,535 1,411 4,593 3,901 3,383
Demand (Consumptive) 1,112 910 758 543 490 451 1,656 1,400 1,209

Municipal and Industrial (M&I) Population [thousands] 3,945 5,461 7,357 1,079 1,515 2,059 5,024 6,976 9,416 12
M&I Per Capita Use (Diversion) [gpcd] 170 164 154 184 176 167 173 167 157 13

Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35%
M&I Demand (Diversion) 751 1,003 1,269 222 299 385 974 1,302 1,654

Self Served Industrial Demand (Diversion) 59 59 59 49 49 49 108 108 108 14
Demand (Diversion) 810 1,062 1,328 272 348 434 1,082 1,410 1,763

Demand (Consumptive) 284 372 465 95 122 152 379 494 617
Energy Demand (Diversion) 36 47 59 10 15 18 46 62 78 15
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,739 3,476 3,359 1,982 1,898 1,864 5,721 5,374 5,223

Total Demand in the Study Area 525 538 571 503 494 485 186 216 220 44 59 80 343 348 349 58 58 59 3,739 3,476 3,359 1,982 1,898 1,864 7,380 7,088 6,987

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,204 2,848 2,403 1,784 1,705 1,605 4,988 4,553 4,009 19

Potential Colorado River Demand 525 538 571 503 494 485 186 216 220 44 59 80 343 348 349 58 58 59 534 628 956 198 193 258 2,391 2,535 2,979 20
Agricultural Colorado River Demand 485 430 389 490 471 457 140 137 134 41 40 39 330 324 320 54 53 53 187 187 187 148 148 148 1,875 1,791 1,728 21
Municipal and Industrial Colorado River Demand 29 47 67 9 13 18 11 18 22 0.9 2 3 6 10 13 3 4 6 347 441 769 50 45 110 455 579 1,007
Energy Colorado River Demand 2 41 95 0 0 0 25 40 42 1 15 36 2 4 5 0 0 0 0 0 0 0 0 0 30 101 178
Minerals Colorado River Demand 10 20 20 5 10 10 10 21 22 1 2 2 5 11 11 1 1 1 0 0 0 0 0 0 32 65 66
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

STATE TOTAL
Notes

Dolores South Platte ArkansasColorado River Gunnison Yampa White San Juan
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Notes: 
1) Used estimated 2050 High irrigated acreage from SWSI table 4-11 for 2060, linearly interpolated to estimate 2035. 
2) No changes from Current Projected. 
3) Used high population estimates from the SWSI table 4-1 for all basins. 2035 and 2060 interpolated from 2015 estimates and 2050 high estimates. 
4) No changes from Current Projected. 
5) No changes from Current Projected. 
6) Energy demands based on SWSI table 4-8. Includes Energy Development and Thermoelectric categories through 2050. An additional 120,000 af is 

estimated to occur in the Colorado River Basin (30,000) and the White River Basin (30,000) based on the CWCB 2050 M&I Water User Projections 
July 2010 report, appendix F, table 13, High Projection. Assumed to be 100 percent consumptive. 

7) Mineral use not included in SWSI, assume 10 percent decrease from Current Projected in 2035 and in 2060. 
8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) Used estimated 2050 Low irrigated acreage from SWSI table 4-11 for 2060, linearly interpolated to estimate 2035. 
11) No changes from Current Projected. 
12) Used high population estimates from the SWSI table 4-1 for all basins. 2035 and 2060 interpolated from 2015 estimates and 2050 high estimates. 
13) No changes from Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Demand that may be met from Other Supplies decreases based on full development of current water rights, expanded reuse of both trans-Basin and 

in-Basin sources, and decreases yield from agricultural transfers estimated to decrease 25 percent from current levels by 2060 in the South Platte; and 
10 percent from current levels in the Arkansas. 

20) Total Adjacent Area demand less Demand that may be met by Other Supplies. 
21) Agricultural Use is estimated to be same as Current Projected for Adjacent Areas. Remaining Adjacent Area use is estimated to be M&I. 
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TABLE C2-5 
Total Demand within Study Area under Rapid Growth (C2) Scenario 
 

 
 
 
 
 

COLORADO LEGEND: 999 From Current Projected Data She 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 270 240 217 269 259 251 93 91 89 27 26 26 220 216 213 40 39 39 918 871 835 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.85 7.26 7.53 6.89 7.31 7.58 4.44 4.71 4.89 10.25 10.86 11.27 3.52 3.73 3.87 3.70 3.92 4.07 5.79 6.09 6.28 2
Consumptive factor [%] 26% 26% 26% 26% 26% 26% 34% 34% 34% 15% 15% 15% 43% 43% 43% 37% 37% 37% 29% 29% 29%

Demand (Consumptive) 485 456 427 490 500 503 140 145 148 41 42 43 330 344 352 54 57 58 1,539 1,543 1,532
Municipal and Industrial (M&I) Population [thousands] 357 628 968 121 189 274 42 88 146 10 21 36 85 136 200 36 58 86 651 1,121 1,709 3

M&I Per Capita Use (Diversion) [gpcd] 181 165 145 173 158 138 228 208 182 228 208 182 182 166 146 182 166 146 183 168 148 4
Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35%

M&I Demand (Consumptive) 25 41 55 8 12 15 4 7 10 0.9 2 3 6 9 11 3 4 5 47 74 99
Self Served Industrial Demand (Consumptive) 3 2 2 0.3 0.2 0.2 7 5 5 0 0 0 0.4 0.3 0.3 0 0 0 11 7 7 5

Demand (Consumptive) 29 43 57 9 12 15 11 12 15 0.9 2 3 6 9 12 3 4 5 58 81 106
Energy Demand (Consumptive) 2 3 5 0 0 0 25 40 42 1 4 6 2 4 5 0 0 0 30 51 58 6
Minerals Demand (Consumptive) 10 16 17 5 8 8 10 18 18 1 2 2 5 9 9 1 0.9 0.9 32 53 54 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

Total Hydrologic Basin Demand (Consumptive) 525 518 506 503 520 526 186 215 223 44 50 53 343 365 377 58 61 64 0 0 0 0 0 0 1,659 1,728 1,750

Adjacent Areas
Agricultural Irrigated Acreage [thousands] 828 677 564 428 386 355 1,255 1,063 919 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 3.50 3.71 3.85 3.97 4.21 4.37 3.66 3.89 4.05 11
Consumptive factor [%] 38% 38% 38% 32% 32% 32% 36% 36% 36%

Demand (Diversion) 2,893 2,508 2,169 1,700 1,627 1,552 4,593 4,135 3,721
Demand (Consumptive) 1,112 964 834 543 520 496 1,656 1,484 1,330

Municipal and Industrial (M&I) Population [thousands] 3,945 5,461 7,357 1,079 1,515 2,059 5,024 6,976 9,416 12
M&I Per Capita Use (Diversion) [gpcd] 170 155 136 184 168 147 173 158 138 13

Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35%
M&I Demand (Diversion) 751 948 1,121 222 285 339 974 1,233 1,460

Self Served Industrial Demand (Diversion) 59 38 38 49 32 32 108 70 70 14
Demand (Diversion) 810 987 1,159 272 317 371 1,082 1,304 1,530

Demand (Consumptive) 284 345 406 95 111 130 379 456 536
Energy Demand (Diversion) 36 47 59 10 15 18 46 62 78 15
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,739 3,542 3,387 1,982 1,959 1,941 5,721 5,501 5,329

Total Demand in the Study Area 525 518 506 503 520 526 186 215 223 44 50 53 343 365 377 58 61 64 3,739 3,542 3,387 1,982 1,959 1,941 7,380 7,229 7,079

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,204 2,920 2,563 1,784 1,705 1,605 4,988 4,624 4,169 19

Potential Colorado River Demand 525 518 506 503 520 526 186 215 223 44 50 53 343 365 377 58 61 64 534 623 824 198 254 336 2,391 2,605 2,910 20
Agricultural Colorado River Demand 485 456 427 490 500 503 140 145 148 41 42 43 330 344 352 54 57 58 187 187 187 148 148 148 1,875 1,878 1,867 21
Municipal and Industrial Colorado River Demand 29 43 57 9 12 15 11 12 15 0.9 2 3 6 9 12 3 4 5 347 436 637 50 106 188 455 623 931
Energy Colorado River Demand 2 3 5 0 0 0 25 40 42 1 4 6 2 4 5 0 0 0 0 0 0 0 0 0 30 51 58
Minerals Colorado River Demand 10 16 17 5 8 8 10 18 18 1 2 2 5 9 9 1 0.9 0.9 0 0 0 0 0 0 32 53 54
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

STATE TOTAL
Notes

Dolores South Platte ArkansasColorado River Gunnison Yampa White San Juan
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Notes: 
1) Used estimated 2050 High irrigated acreage from SWSI table 4-11 for 2060, linearly interpolated to estimate 2035. 
2) No estimates for increased in agricultural efficiency in SWSI – used 10 percent increase by 2060. 
3) Used high population estimates from the SWSI table 4-1 for all basins. 2035 and 2060 interpolated from 2015 estimates and 2050 high estimates. 
4) Per capita use decreases 25 percent by 2060 based on SWSI table 7-4 passive plus medium active conservation. 
5) Assume 35 percent decrease from Current Projected based on technological efficiencies. 
6) Energy demands based on SWSI table 4-8. Includes "Energy Development" and Thermoelectric" categories through 2050. Assumed to be 100 percent 

consumptive. 

7) Mineral use not included in SWSI, assume 10 percent decrease from Current Projected in 2035 and in 2060. 
8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) Used estimated 2050 Low irrigated acreage from SWSI table 4-11 for 2060, linearly interpolated to estimate 2035. 
11) No estimates for increased in agricultural efficiency in SWSI – used 10 percent increase by 2060. 
12) Used high population estimates from the SWSI table 4-1 for all basins. 2035 and 2060 interpolated from 2015 estimates and 2050 high estimates. 
13) Per capita use decreases 25 percent by 2060 based on SWSI table 7-4 passive plus medium active conservation. 
14) Assume 35 percent decrease from Current Projected based on technological efficiencies. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Demand that may be met from Other Supplies decreases based on full development of current water rights, expanded reuse of both trans-Basin and 

in-Basin sources, and decreases yield from agricultural transfers estimated to decrease 20 percent from current levels by 2060 in the South Platte; and 
10 percent from current levels in the Arkansas. 

20) Total Adjacent Area demand less Demand that may be met by Other Supplies. 
21) Agricultural Use is estimated to be same as Current Projected for Adjacent Areas. Remaining Adjacent Area use is estimated to be M&I. 
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TABLE C2-6 
Total Demand within Study Area under Enhanced Environment (D1) Scenario 
 

 
 
 
 
 

COLORADO LEGEND: 999 From Current Projected Data She 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 270 224 212 269 246 243 93 92 91 27 27 26 220 216 215 40 39 39 918 843 826 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.85 6.85 6.85 6.89 6.89 6.89 4.44 4.44 4.44 10.25 10.25 10.25 3.52 3.52 3.52 3.70 3.70 3.70 5.79 5.71 5.69 2
Consumptive factor [%] 26% 26% 26% 26% 26% 26% 34% 34% 34% 15% 15% 15% 43% 43% 43% 37% 37% 37% 29% 29% 29%

Demand (Consumptive) 485 401 381 490 449 443 140 138 138 41 40 40 330 323 322 54 53 53 1,539 1,405 1,376
Municipal and Industrial (M&I) Population [thousands] 357 558 836 121 184 244 42 65 113 10 16 28 85 130 175 36 56 75 651 1,008 1,471 3

M&I Per Capita Use (Diversion) [gpcd] 181 163 140 173 156 134 228 205 177 228 205 177 182 164 141 182 164 141 183 165 143 4
Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35%

M&I Demand (Consumptive) 25 36 46 8 11 13 4 5 8 0.9 1 2 6 8 10 3 4 4 47 65 82
Self Served Industrial Demand (Consumptive) 3 2 2 0.3 0.2 0.2 7 5 5 0 0 0 0.4 0.3 0.3 0 0 0 11 7 7 5

Demand (Consumptive) 29 38 48 9 11 13 11 10 12 0.9 1 2 6 9 10 3 4 4 58 73 90
Energy Demand (Consumptive) 2 3 5 0 0 0 25 40 42 1 4 6 2 4 5 0 0 0 30 51 58 6
Minerals Demand (Consumptive) 10 16 17 5 8 8 10 18 18 1 2 2 5 9 9 1 0.9 0.9 32 53 54 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

Total Hydrologic Basin Demand (Consumptive) 525 458 450 503 469 464 186 206 210 44 47 50 343 345 346 58 58 58 0 0 0 0 0 0 1,659 1,582 1,577

Adjacent Areas
Agricultural Irrigated Acreage [thousands] 828 781 773 428 426 425 1,255 1,207 1,198 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 3.50 3.50 3.50 3.97 3.97 3.97 3.66 3.66 3.67 11
Consumptive factor [%] 38% 38% 38% 32% 32% 32% 36% 36% 36%

Demand (Diversion) 2,893 2,730 2,702 1,700 1,691 1,689 4,593 4,421 4,391
Demand (Consumptive) 1,112 1,050 1,039 543 541 540 1,656 1,590 1,579

Municipal and Industrial (M&I) Population [thousands] 3,945 5,244 6,581 1,079 1,451 1,846 5,024 6,695 8,427 12
M&I Per Capita Use (Diversion) [gpcd] 170 153 132 184 166 143 173 156 134 13

Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35%
M&I Demand (Diversion) 751 899 973 222 270 296 974 1,169 1,269

Self Served Industrial Demand (Diversion) 59 38 38 49 32 32 108 70 70 14
Demand (Diversion) 810 937 1,011 272 302 328 1,082 1,239 1,339

Demand (Consumptive) 284 328 354 95 106 115 379 434 469
Energy Demand (Diversion) 36 45 53 10 14 17 46 59 70 15
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,739 3,712 3,767 1,982 2,007 2,033 5,721 5,719 5,801

Total Demand in the Study Area 525 458 450 503 469 464 186 206 210 44 47 50 343 345 346 58 58 58 3,739 3,712 3,767 1,982 2,007 2,033 7,380 7,301 7,378

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,204 3,084 3,081 1,784 1,772 1,764 4,988 4,855 4,844 19

Potential Colorado River Demand 525 458 450 503 469 464 186 206 210 44 47 50 343 345 346 58 58 58 534 628 686 198 236 270 2,391 2,446 2,534 20
Agricultural Colorado River Demand 485 401 381 490 449 443 140 138 138 41 40 40 330 323 322 54 53 53 187 187 187 148 148 148 1,875 1,740 1,711 21
Municipal and Industrial Colorado River Demand 29 38 48 9 11 13 11 10 12 0.9 1 2 6 9 10 3 4 4 347 441 499 50 87 122 455 601 711
Energy Colorado River Demand 2 3 5 0 0 0 25 40 42 1 4 6 2 4 5 0 0 0 0 0 0 0 0 0 30 51 58
Minerals Colorado River Demand 10 16 17 5 8 8 10 18 18 1 2 2 5 9 9 1 0.9 0.9 0 0 0 0 0 0 32 53 54
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

STATE TOTAL
Notes

Dolores South Platte ArkansasColorado River Gunnison Yampa White San Juan
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Notes 
1) Calculated medium decrease in acreage due to urbanization using low and high acreage decreased from SWSI table 4-11 and low, high, and medium 

population projections from SWSI table 4-1.  

2) No changes from Current Projected. 
3) No changes from Current Projected. 
4) Per capita use decreases 0.5 percent per year per conservation organization recommendation. 
5) Assume 35 percent decrease from Current Projected based on technological efficiencies. 
6) Energy demands based on SWSI table 4-8. Includes "Energy Development" and Thermoelectric" categories through 2050. Assumed to be 100 percent 

consumptive. 

7) Mineral use not included in SWSI, assume 10 percent decrease from Current Projected in 2035 and in 2060. 
8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) Calculated medium decrease in acreage due to urbanization using low and high acreage decreased from SWSI table 4-11 and low, high, and medium 
population projections from SWSI table 4-1.  

11) No changes from Current Projected. 
12) Used medium population estimates from the SWSI table 4-1 for all basins. 
13) Per capita use decreases 0.5 percent per year per conservation organization recommendation. 
14) Assume 35 percent decrease from Current Projected based on technological efficiencies. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Demand that may be met from Other Supplies decreases based on expanded reuse of both trans-Basin and in-Basin sources, estimated to decrease 3 

percent from current levels by 2060 in the South Platte; and 1 percent from current levels in the Arkansas. 

20) Total Adjacent Area demand less Demand that may be met by Other Supplies. 
21) Agricultural Use is estimated to be same as Current Projected for Adjacent Areas. Remaining Adjacent Area use is estimated to be M&I. 
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TABLE C2-7 
Total Demand within Study Area under Enhanced Environment (D2) Scenario 
 

 
 
 
 
 

COLORADO LEGEND: 999 From Current Projected Data She 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 270 270 270 269 269 269 93 93 93 27 27 27 220 220 220 40 40 40 918 918 918 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.85 7.26 7.53 6.89 7.31 7.58 4.44 4.71 4.89 10.25 10.86 11.27 3.52 3.73 3.87 3.70 3.92 4.07 5.79 6.13 6.36 2
Consumptive factor [%] 26% 26% 26% 26% 26% 26% 34% 34% 34% 15% 15% 15% 43% 43% 43% 37% 37% 37% 29% 29% 29%

Demand (Consumptive) 485 514 533 490 519 539 140 148 154 41 43 45 330 349 362 54 57 60 1,539 1,632 1,693
Municipal and Industrial (M&I) Population [thousands] 357 628 968 121 189 274 42 88 146 10 21 36 85 136 200 36 58 86 651 1,121 1,709 3

M&I Per Capita Use (Diversion) [gpcd] 181 165 145 173 158 138 228 208 182 228 208 182 182 166 146 182 166 146 183 168 148 4
Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35% 35%

M&I Demand (Consumptive) 25 41 55 8 12 15 4 7 10 0.9 2 3 6 9 11 3 4 5 47 74 99
Self Served Industrial Demand (Consumptive) 3 2 2 0.3 0.2 0.2 7 5 5 0 0 0 0.4 0.3 0.3 0 0 0 11 7 7 5

Demand (Consumptive) 29 43 57 9 12 15 11 12 15 0.9 2 3 6 9 12 3 4 5 58 81 106
Energy Demand (Consumptive) 2 3 5 0 0 0 25 40 42 1 4 6 2 4 5 0 0 0 30 51 58 6
Minerals Demand (Consumptive) 10 16 17 5 8 8 10 18 18 1.0 2 2 5 9 9 1 0.9 0.9 32 53 54 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

Total Hydrologic Basin Demand (Consumptive) 525 576 612 503 539 562 186 218 229 44 51 55 343 371 388 58 62 65 0 0 0 0 0 0 1,659 1,817 1,911

Adjacent Areas
Agricultural Irrigated Acreage [thousands] 828 810 789 428 427 426 1,255 1,237 1,215 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 3.50 3.57 3.67 3.97 4.06 4.17 3.66 3.74 3.85 11
Consumptive factor [%] 38% 38% 38% 32% 32% 32% 36% 36% 36%

Demand (Diversion) 2,893 2,894 2,896 1,700 1,734 1,778 4,593 4,628 4,674
Demand (Consumptive) 1,112 1,113 1,114 543 554 568 1,656 1,667 1,682

Municipal and Industrial (M&I) Population [thousands] 3,945 5,461 7,357 1,079 1,515 2,059 5,024 6,976 9,416 12
M&I Per Capita Use (Diversion) [gpcd] 170 155 136 184 168 147 173 158 138 13

Consumptive factor [%] 35% 35% 35% 35% 35% 35% 35% 35% 35%
M&I Demand (Diversion) 751 948 1,121 222 285 339 974 1,233 1,460

Self Served Industrial Demand (Diversion) 59 38 38 49 32 32 108 70 70 14
Demand (Diversion) 810 987 1,159 272 317 371 1,082 1,304 1,530

Demand (Consumptive) 284 345 406 95 111 130 379 456 536
Energy Demand (Diversion) 36 47 59 10 15 18 46 62 78 15
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,739 3,928 4,115 1,982 2,066 2,167 5,721 5,994 6,282

Total Demand in the Study Area 525 576 612 503 539 562 186 218 229 44 51 55 343 371 388 58 62 65 3,739 3,928 4,115 1,982 2,066 2,167 7,380 7,811 8,193

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3,204 3,268 3,315 1,784 1,813 1,848 4,988 5,082 5,163 19

Potential Colorado River Demand 525 576 612 503 539 562 186 218 229 44 51 55 343 371 388 58 62 65 534 659 800 198 253 319 2,391 2,730 3,030 20
Agricultural Colorado River Demand 485 514 533 490 519 539 140 148 154 41 43 45 330 349 362 54 57 60 187 187 187 148 148 148 1,875 1,967 2,029 21
Municipal and Industrial Colorado River Demand 29 43 57 9 12 15 11 12 15 0.9 2 3 6 9 12 3 4 5 347 472 613 50 105 171 455 658 890
Energy Colorado River Demand 2 3 5 0 0 0 25 40 42 1 4 6 2 4 5 0 0 0 0 0 0 0 0 0 30 51 58
Minerals Colorado River Demand 10 16 17 5 8 8 10 18 18 1 2 2 5 9 9 1 0.9 0.9 0 0 0 0 0 0 32 53 54
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

STATE TOTAL
Notes

Dolores South Platte ArkansasColorado River Gunnison Yampa White San Juan
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Notes 
1) No changes from Current Projected. 
2) No reference. Assume 10 percent increase from Current Projected by 2060. 
3) Used high population estimates from the SWSI table 4-1 for all basins. 2035 and 2060 interpolated from 2015 estimates and 2050 high estimates. 

4) Per capita use decreases 25 percent by 2060 based on SWSI table 7-4 passive plus medium active conservation. 
5) Assume 35 percent decrease from Current Projected based on technological efficiencies. 
6) Energy demands based on SWSI table 4-8. Includes "Energy Development" and Thermoelectric" categories through 2050. Assumed to be 100 percent 

consumptive. 

7) Mineral use not included in SWSI, assume 10 percent decrease from Current Projected in 2035 and in 2060. 

8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No reference. Assume 5 percent increase from Current Projected by 2060. 
12) Used high population estimates from the SWSI table 4-1 for all basins. 2035 and 2060 interpolated from 2015 estimates and 2050 high estimates. 
13) Per capita use decreases 25percent by 2060 based on SWSI table 7-4 passive plus medium active conservation. 

14) Assume 35 percent decrease from Current Projected based on technological efficiencies. 
15) No changes from Current Projected. 
16) No reference. Assume 10 percent decrease from Current Projected in 2035 and in 2060.  
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) No changes from Current Projected. 

20) Total Adjacent Area demand less Demand that may be met by Other Supplies. 
21) Agricultural Use is estimated to be same as Current Projected for Adjacent Areas. Remaining Adjacent Area use is estimated to be M&I. 
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Appendix C3 — New Mexico Water Demand 
Scenario Quantification 

1.0 Introduction 
This appendix summarizes the data sources used in scenario quantification for Colorado River 
demand1 for the state of New Mexico and presents the results of quantification. As presented in 
figure C3-1, New Mexico is divided into a number of planning areas that align with Colorado 
River Basin (Basin) tributaries (San Juan, Northwest [Little Colorado tributaries], and Southwest 
[Gila tributaries]), and Adjacent Areas that are served by Colorado River water. Data collection 
and development were completed at the planning area level. 

The following sections present background information that summarizes the state’s planning 
areas, as well as data sources used to quantify demand scenarios by category. Following the 
background section, results of demand scenario quantification are presented. The results section 
is broken out into a New Mexico Study Area summary, followed by Colorado River demand by 
geography, and finally by category.  

2.0 Background 
The New Mexico Office of the State Engineer and the New Mexico Interstate Stream 
Commission (NMISC) are responsible for regional and state-level water resource planning in 
New Mexico. As part of New Mexico’s state water planning process, regional plans were 
developed by a number of regional planning entities. The NMISC coordinated these efforts, and 
once they were final, adopted the resulting regional plans.  

The NMISC also coordinated the efforts to provide information for scenario quantification. 
These efforts largely relied on information previously generated through regional plans and 
demographic studies. However, new assumptions and/or data development were required where 
the assumptions of the Colorado River Basin Water Supply and Demand Study (Study) required 
information not developed as part of the regional planning effort.  

2.1 Data Sources for Quantification 
This section discusses data sources for demand quantification by use category. Some category 
projections were based on relevant parameter data, while other category projections were 
developed directly as water demand. Sources include state, regional, and national agency reports. 

 

                                                 
1 Colorado River demand as computed by Study Area demand minus other supplies. 
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FIGURE C3-1 
Colorado River Hydrologic Basin and Export Service Areas in New Mexico 
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• Agricultural Demand: Irrigated acreage, agricultural applied water use, and agricultural 
demand estimates were derived from the San Juan Regional Water Plan (San Juan Water 
Commission, 2003), the Southwest New Mexico Regional Water Plan (Daniel B. 
Stephens & Associates [DBSA], 2005), Taos Regional Water Plan (DBSA, 2008), 
Middle Rio Grande Water Supply Study (S.S. Papadopoulos and Associates, 2000), and 
additional information was provided by the NMISC.  

• Municipal and Industrial (M&I): Population and per capita water use values for the 
San Juan, Southwest, and Taos planning areas were derived from the same regional plans 
as agricultural parameters, and additional information was provided by the NMISC. 
Additional information for Adjacent Areas was derived based on the City of 
Albuquerque’s reported efficiency and Albuquerque population estimates prepared by the 
Bureau of Business and Economic Research. 

• Energy: Energy demands were derived from personal communication with the NMISC 
(2011) for the San Juan planning area. Some additional energy use in the Taos and 
Southwest planning areas was derived from the regional plans.  

• Minerals: Minerals demands were derived from personal communication with the 
NMISC (2011) for the San Juan planning area.  

• Fish, Wildlife, and Recreation: Water demands for fish, wildlife, and recreation were 
derived from contracted amounts based on the San Juan Chama contract.  

• Tribal: Tribal demands were derived from personal communication with the NMISC 
(2011), input from the Jicarilla Apache Nation and Navajo Nation, and San Juan Chama 
contract amounts.  

3.0 Results of Water Demand Scenario Quantification 
This section summarizes New Mexico’s Colorado River water demand trends by category across 
the scenarios. The purpose of this section is to describe changes in demands, both temporally and 
geographically, parameters that influence changes in demands, and how the parameters and 
demands differ among scenarios.  

Demands were first developed for areas that may be potentially served by Colorado River water 
(Study Area demands), independent of the source of supply. However, for areas outside of the 
hydrologic basin, a portion of the Study Area demand is satisfied from other supplies, such as the 
Rio Grande water and local groundwater. The communities within the Basin, including the 
Southwest and Northwest planning areas, also rely on non-tributary groundwater for a portion of 
their supply. To develop estimates of the Colorado River demand, the Study Area demand was 
reduced by estimates of available supply from other sources. This appendix focuses on Colorado 
River demands, but includes discussion of the Study Area parameters that led to these demands. 

The following sections summarize the results of demand scenario quantification, presenting 
Study Area demand and Colorado River water demand, Colorado River demand for the state and 
individual planning areas across the six scenarios, and Colorado River water demand by category 
across the six scenarios. Parameters and demands for all categories and all scenarios, along with 
references for data sources, are included. 
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3.1 Summary Results of Scenario Quantification 
Values were developed for Study Area parameters to quantify Study Area demand for each of 
the scenarios. Colorado River demand was calculated as Study Area demand minus other 
supplies. Table C3-1 presents summary results for the demand scenarios considered in the Study. 
The table presents agricultural and M&I demand parameters for the entire Study Area that 
distinguish the scenarios, the resulting Study Area demands, and finally the Colorado River 
demands by category. Because other supplies may vary among scenarios, trends observed in the 
parameters and Study Area demands may not be reflected identically in Colorado River 
demand trends.  

New Mexico estimates that about 1.5 million people will be in New Mexico’s Study Area by 
2015. This number is expected to increase to about 2 to 3 million by 2060. The greatest 
population growth is associated with the Rapid Growth (C1 and C2) and Enhanced Environment 
(D2) scenarios. The Slow Growth (B) scenario has the lowest population growth of the scenarios 
(2 million by 2060) but still represents a growth of 37 percent over 2015 estimates.  

The growing municipal population, however, will continue to be more efficient in its per capita 
water use than today. Per capita water use, based solely on passive or existing conservation 
targets, is expected to be 11 to 24 percent less in 2060 than in 2015. While usage rates vary 
across New Mexico’s planning areas, per capita reductions are assumed to be consistent across 
the planning areas.  

Irrigated acreage is projected to decrease slightly (2 percent or 3,000 acres) through 2060 under 
all scenarios. Water delivery per acre does not change in the Current Projected (A), Rapid 
Growth (C1), and Enhanced Environment (D1) scenarios; increases slightly (4 percent) in the 
Slow Growth (B) scenario; and decreases by about 15 percent in the Rapid Growth (C2) and 
Enhanced Environment (D2) scenarios.  

Study Area demand for energy is projected to increase slightly under all scenarios due to the 
growing need for energy sources (coal and solar). The greatest increases in Study Area demand 
for energy are anticipated in the San Juan planning area, with an increase of about 1,500 acre-
feet per year (afy) (4 percent). 

Study Area demand for minerals is projected to remain constant through time and across all 
scenarios.  

Study Area demand for tribal use is projected to increase across all scenarios between about 
20 and 75 percent. The larger increases occur in the Rapid Growth (C1 and C2) and Enhanced 
Environment (D2) scenarios.  

Figure C3-2 presents demands across the scenarios in three panels as follows: 1) Study Area 
demand with other supplies and Colorado River demand identified, 2) Colorado River demand, 
and 3) change in Colorado River demand by demand category.  

From panel one it can be seen that Study Area demand increases from about 1.3 million acre-feet 
(maf) in 2015 to between 1.5 and 1.8 maf in 2060. The Study Area demand growth across 
scenarios in 2060, however, is projected to be as low as 159 kaf or as high as 440 kaf. About half 
of the Study Area demand is expected to be met by other supplies. 
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TABLE C3-1 
Summary Results of New Mexico Water Demand Scenario Quantification by 2060 

Key Study Area Demand Scenario Parameters 

  20151 
2060 Scenario Parameters 

A B C1 C2 D1 D2 

Population (millions) 1.5 2.6 2.0 3.0 3.0 2.6 3.0 

Change in per capita water 
usage (%), from 2015 – -11% -11% -11% -15% -24% -22% 

Irrigated acreage (millions of 
acres) 0.14 0.14 0.14 0.14 0.14 0.14 0.14 

Change in per acre water 
delivery (%), from 2015 – +0% +4% +0% -15% +0% -15% 

Study Area Demand (thousand acre-feet [kaf])  

  20151 
2060 Scenario Demands 

A B C1 C2 D1 D2 

Ag demand 723 718 748 718 592 718 592 

M&I demand 249–252 414 322 477 453 346 407 

Energy demand 40.7 42.2 42.2 42.2 42.2 38.0 42.2 

Minerals demand 6.2 6.2 6.2 6.2 6.2 6.2 6.2 

FWR demand 5.0 5.0 5.0 5.0 5.0 5.0 5.0 

Tribal demand 303–309 367 367 529 529 367 529 

Total Study Area Demand2 1328–1337 1,551 1,490 1,777 1,627 1,480 1,581 

Colorado River Demand (kaf)  

  20151 
2060 Scenario Demands 

A B C1 C2 D1 D2 

Ag demand 111 111 111 111 106 111 106 

M&I demand 138–141 230 169 293 149 163 102 

Energy demand 40.0 41.5 41.5 41.5 41.5 37.4 41.5 

Minerals demand 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

FWR demand 5.0 5.0 5.0 5.0 5.0 5.0 5.0 

Tribal demand 303–309 367 367 529 529 367 529 

Total Colorado River Demand2 598–606 754 693 979 831 683 785 

1 Range across scenarios.  
2 Excludes potential losses (reservoir evaporation, phreatophytes, and/or operational inefficiencies) that may 

      be charged to state. 



Colorado River Basin  
Water Supply and Demand Study 

C3-6 December 2012 

FIGURE C3-2 
Study Area, Colorado River, and Change in Colorado River Demand 
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Panel two provides a view of the range across scenarios of Colorado River demand. This demand 
increases from about 600 kaf in 2015 to between 683 and 980 kaf in 2060 (or 14 to 62 percent), 
depending on the scenario. This difference results in a Colorado River demand range of 297 kaf 
across the scenarios in 2060, or about 40 percent.  
Panel three shows how specific categories affect the projected change in Colorado River 
demand by scenario. Growth in tribal demand across all scenarios results in the greatest increase 
in demand (between 41 and 100 percent), followed closely by M&I demand (between 3 and 
60 percent).  
Figure C3-3 ties historical water use to the range of Colorado River demand in the quantified 
scenarios. The nearly 300 kaf range across scenarios in 2060 is easily discernible, with a 
relatively even spread over the range across the scenarios. 
 
FIGURE C3-3 
Historical Use and Future Projected Demand Excluding Reservoir Evaporation1 

 
1 Reservoir evaporation on the order of 70 kaf is not included in this plot. 
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3.2 Colorado River Water Demand by Geography  
Colorado River water demand for areas served by the Colorado River is presented in figures 
C3-4 and C3-5. These figures show two geographic levels: Study Area in New Mexico, and 
individual planning areas. Demands at each geographic level are shown across the scenarios. The 
columns to the right show the Colorado River demand at a point in time (2015, 2035, or 2060) by 
relative contribution of the categories.  

Colorado River demand2 in New Mexico is primarily in the San Juan and Adjacent Areas 
planning areas. The San Juan planning area has the greatest magnitude of Colorado River 
demand, with tribal demands making up the majority of those demands, along with some energy 
and agricultural demands. The primary demand category in the Adjacent Areas planning is M&I, 
with a small amount of agricultural demand.  

Figure C3-6 shows the change in Colorado River demand by category from 2015 across the 
scenarios. Change in Colorado River demand is roughly similar in magnitude on both the 
San Juan and Adjacent Areas planning areas, with tribal demand making up the vast majority of 
change in San Juan, and M&I making up all of the change in Adjacent Areas.  

3.3 Colorado River Demand by Category 

3.3.1 Agricultural 
Agricultural water demand is driven by irrigated acreage and water delivery per acre. Water 
delivery per acre is the amount of water diverted per irrigated acre. Components of this use 
include transmission and delivery losses (surface evaporation, riparian demand, and seepage) and 
on-farm losses that are made up of evaporation, crop irrigation requirements, and tail water 
(return). Each of these factors will vary by location (precipitation, growing season, etc.), 
irrigation method, and crop type.  

Figure C3-7 presents the following by scenario in 2015, 2035, and 2060:  

• Change in agricultural demand for Colorado River water 

• Change in agricultural demand for Colorado River water by planning area 

• Agricultural demand as a portion of Colorado River water demand (right hand side 
of graph) 

As can be seen from figure C3-7, agricultural water demand3 makes up 19 percent of Colorado 
River demand in New Mexico in 2015, and drops to between 11 and 16 percent of demand in 
2060. This drop results from both a decrease in agricultural water demand and an increase in 
other categories of demand. The majority of Colorado River demand for agriculture is located in 
the San Juan planning area.  

 

                                                 
2 Potential Colorado River demand is based on changes in parameters such as population and for the purpose of the Study is 

            not limited by apportionment.  
3 Tribal demand currently includes a significant quantity of agriculture demand that is included in the tribal category and not 

            represented here. Agricultural use in the tribal category continues to grow as settlements are implemented. 



Appendix C3 — New Mexico Water Demand 
Scenario Quantification 

December 2012 C3-9 

FIGURE C3-4 
Colorado River Demand in New Mexico  
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FIGURE C3-5 
Colorado River Demand by Category 
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FIGURE C3-6 
Change in Colorado River Demand in New Mexico from 2015 by Category 
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FIGURE C3-7 
Change in Colorado River Demand in New Mexico from 2015 for Agriculture 
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In the San Juan planning area, Colorado River demand for agriculture decreases in the Rapid 
Growth (C2) and Enhanced Environment (D2) scenarios, by about 4.5 kaf (5 percent of Colorado 
River demand). The decrease is due entirely to reduced water delivery per acre; irrigated acreage 
is forecast to remain constant in the San Juan planning area across all scenarios. Colorado River 
demand for agriculture in all other planning areas is forecast to remain constant through time 
across all scenarios. 

3.3.2 Municipal and Industrial 
M&I water demand can be estimated from population and M&I per capita water use, with the 
addition of self-served industrial (SSI) demand. M&I per capita water use is a measure of the 
amount of water produced or diverted per person in a given municipality. Because this measure 
examines all water produced by a given municipality, it often includes industrial, commercial, 
and institutional demand as well as residential demand. A number of factors may influence the 
M&I per capita water use of a given community, including the amount of industrial demand, 
climate, number of institutional facilities, and number of visitors.  

SSI are industries located in a given area that have their own water supply systems and are 
therefore not directly related to local measures of population and M&I per capita water use. 

Figure C3-8 presents the following by scenario in 2015, 2035, and 2060:  

• Change in M&I demand for Colorado River water in the Study Area 
• Change in M&I demand for Colorado River water in individual planning areas 
• M&I demand as a portion of Colorado River water demand (right hand side of graph) 

As can be seen from figure C3-8, M&I water demand is the second-largest component of 
Colorado River demand, changing from 24 percent in 2015 to between 13 and 31 percent of 
Colorado River demand in 2060, depending on which scenario is considered. 

Colorado River demand for M&I use increases over time from 2015 to 2060 in the Current 
Projected (A), Slow Growth (B), Rapid Growth (C1), and Enhanced Environment (D1) 
scenarios. This increase is primarily due to population increase, as M&I per capita water use 
decreases over time across all scenarios and SSI demand nominally increases. Decrease in the 
M&I demand in the Rapid Growth (C2) and Enhanced Environment (D2) scenarios is due to 
decrease in per capita water use. 

In examining the planning areas, nearly all of the increase in M&I demand for Colorado River 
water from 2015 to 2060 over time is due to population increase in the Adjacent Areas across all 
scenarios. The remaining increase in demand is primarily from M&I demand in the San Juan 
planning area.  

Increases in population are somewhat tempered by decreases in M&I per capita water use. 
Per capita water use decreases in all scenarios with reductions ranging from 11 to 24 percent 
by 2060.  
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FIGURE C3-8 
Change in Colorado River Demand in New Mexico from 2015 for M&I 
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3.3.3 Energy 
Water demand for energy can be estimated through known plans for new power plants or 
through applying a per capita energy water use factor. Power facilities often serve areas remote 
from their locations and therefore potentially represent exports or imports of water from the 
Study Area to meet these distributed needs.  

Figure C3-9 presents the following by scenario in 2015, 2035, and 2060:  

• Change in energy demand for Colorado River water 

• Change in energy demand for Colorado River water in individual planning areas 

• Energy demand as a portion of Colorado River water demand (right hand side of graph) 

As can be seen from figure C3-9, energy water demand is a relatively small fraction of Colorado 
River demand, decreasing from 7 percent of in 2015 to between 4 and 6 percent of demand in 
2060, depending on which scenario is considered. The decreasing percentage is due to demands 
in other categories increasing at a faster rate than energy demands increase.  

Energy demand for Colorado River water increases over time from 2015 to 2060 across all 
scenarios, with notable increases for the Current Projected (A) and Rapid Growth (C1) scenarios.  

Energy demands are shown only in the San Juan planning areas. Consistent increases occur in 
the San Juan planning area across all scenarios, with an increase of 1.5 kaf to a total of 41.5 kaf. 

3.3.4 Minerals Extraction 
Although there is some demand for minerals in the Southwest (about 900 afy in Current 
Projected [A] scenario) and the Adjacent Areas (about 5,300 afy in Current Projected [A] 
scenario), these demands are met by other supplies. There is no reported Colorado River demand 
for minerals extraction under the scenarios analyzed for the Study.  

3.3.5 Fish, Wildlife, and Recreation 
There are no reported consumptive fish, wildlife, and recreation demands on Colorado River 
water in New Mexico. 

3.3.6 Tribal 
Tribal water demands were provided by the Jicarilla Apache Nation and the Navajo Nation in 
cooperation with the State of New Mexico. The projected Navajo Nation demands were provided 
by the Navajo Nation Department of Water Resources and modified to fit the storyline narratives 
regarding tribal use under each scenario. 

Figure C3-10 presents the following by scenario in 2015, 2035, and 2060:  

• Change in tribal demand for Colorado River water 

• Change in tribal demand for Colorado River water in individual planning area 

• Tribal demand as a portion of Colorado River demand (right hand side of graph) 
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FIGURE C3-9 
Change in Colorado River Demand in New Mexico from 2015 for Energy 
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FIGURE C3-10 
Change in Colorado River Demand in New Mexico from 2015 for Tribal 
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As can be seen from figure C3-10, tribal water demand is the largest component of Colorado 
River demand in New Mexico, decreasing from about 50 percent in 2015 to between 49 and 67 
percent of Colorado River demand in 2060, depending on which scenario is considered. The 
decreasing percentage is due to demands in other categories increasing at a faster rate than tribal 
demands increase. 

Colorado River tribal demand increases over time from 2015 to 2060 across all scenarios. These 
increases are primarily due to development of demands under water rights settlements. Increases 
occur mostly in the San Juan planning area, but there is also some increase in the Northwest 
planning area. The rate of increase is similar across all scenarios.  

For additional information on tribal water demands, see appendix C9.  

3.4 Summary Tables of Parameters and Demands by Category 
Tables C3-2 to C3-7 present the specific parameter data collected by planning area. Each table is 
a complete set of data for a given scenario. These data were used to develop Study Area demands 
and subsequently Colorado River demands once other supplies were considered. These tables 
provide the specific information used in the creation of the summary and category plots 
previously discussed and provide reference information for the data provided. 
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TABLE C3-2 
Total Demand within Study Area under Current Projected (A) Scenario 

 

NEW MEXICO LEGEND: 999 From States 999 From State Plans
Units are thousand acre-feet per year, unless otherwise noted 999 Calculated 999 From Study Team

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 34 34 34 17 15 14 0 0 0 51 50 48 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 5.08 5.08 5.08 5.89 5.89 5.89 0.00 0.00 0.00 5.34 5.33 5.31 1b
Consumptive factor [%] 51% 51% 51% 33% 33% 33% 0% 0% 0% 45% 45% 45% 2, 2b

Demand (Consumptive) 89 89 89 33 30 27 0 0 0 122 119 116 3, 3b
Municipal and Industrial (M&I) Population [thousands] 186 214 267 10 10 10 0 0 0 196 224 276 4, 4b

M&I Per Capita Use (Diversion) [gpcd] 200 181 146 193 192 193 0 0 0 200 181 148 5
Consumptive factor[%] 44% 50% 50% 50% 50% 50% 0% 0% 0% 45% 50% 50% 6

M&I Demand (Consumptive) 18 22 22 1 1 1 0 0 0 20 23 23 7, 7b
Self Served Industrial Demand (Consumptive) 0.10 0.10 0.10 0 0 0 0 0 0 0.10 0.10 0.10 8

Demand (Consumptive) 19 22 22 1 1 1 0 0 0 20 23 23
Energy Demand (Consumptive) 40 42 42 0.6 0.6 0.6 0 0 0 41 42 42 9, 9b
Minerals Demand (Consumptive) 0 0 0 0.9 0.9 0.9 0 0 0 0.9 0.9 0.9 10, 10b
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 11
Tribal Demand (Consumptive) 288 339 341 0 0 0 4 14 15 292 352 356 12, 12b

Total Hydrologic Basin Demand (Consumptive) 435 491 493 36 33 30 4 14 15 0 0 0 475 537 538

Adjacent Areas
Agricultural Irrigated Acreage [acres] 93 93 93 93 93 93 13

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.45 6.45 6.45 6.45 6.45 6.45 14
Consumptive factor [%] 33% 33% 33% 33% 33% 33%

Demand (Diversion) 601 601 601 601 601 601
Demand (Consumptive) 196 196 196 196 196 196 15

Municipal and Industrial (M&I) Population [thousands] 1,277 1,802 2,326 1,277 1,802 2,326 16
M&I Per Capita Use (Diversion)[gpcd] 163 150 150 163 150 150 17

Consumptive factor [%] 40% 40% 40% 40% 40% 40% 18
M&I Demand (Diversion) 233 303 391 233 303 391

Self Served Industrial Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 19
Demand (Diversion) 233 303 391 233 303 391

Demand (Consumptive) 93 121 156 93 121 156
Energy Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 20
Minerals Demand (Diversion) 5 5 5 5 5 5 21
Fish, Wildlife, and Recreation Demand (Diversion) 5 5 5 5 5 5 22
Tribal Demand (Diversion) 11 11 11 11 11 11 23

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 855 925 1,014 855 925 1,014

Total Demand in the Study Area 435 491 493 36 33 30 4 14 15 855 925 1,014 1,330 1,463 1,551 24

Demand that may be met by Other Supplies 0 0 0 36 33 30 0 0 0 694 727 767 730 760 797

Potential Colorado River Demand 435 491 493 0 0 0 4 14 15 161 199 246 600 703 754 25, 12b
Agricultural Colorado River Demand 89 89 89 0 0 0 0 0 0 22 22 22 111 111 111 26
Municipal and Industrial Colorado River Demand 19 22 22 0 0 0 0 0 0 123 161 208 141 183 230
Energy Colorado River Demand 40 42 42 0 0 0 0 0 0 0 0 0 40 42 42
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 5 5 5 5 5 5
Tribal Colorado River Demand 288 339 341 0 0 0 4 14 15 11 11 11 303 363 367

STATE TOTAL
Notes

San Juan Southwest Northwest Adjacent Areas
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Notes  
1) San Juan: NMISC, personal communication, 2011. 

1b) Southwest New Mexico Regional Water Plan, 2005, tables 6-8 through 6-12. Total diversion / total acres (for Catron, Grant, and 90 percent of Hidalgo Counties; Luna 
County excluded). Average of 1990, 1995, 2000.  

2) San Juan Regional Water Plan, 2003, consumptive factor of 51 percent based on agricultural diversion as twice the depletion plus 10 percent for incidental losses. 
2b) Southwest New Mexico Regional Water Plan, 2005, tables 6-8 through 6-12. Weighted average (based on acreage for Catron, Grant, and 90 percent of Hidalgo Counties; 

Luna County excluded) of depletion/diversion, average of 1990, 1995, 2000. 
3) San Juan: NMISC, personal communication, 2011. Current and forecast = 90,500 afy, minus 4,000 afy stockpond evaporation and use.  

3b) Southwest New Mexico Regional Water Plan, 2005. Based on appendix E5 (assume Catron, Grant, and 90 percent of Hidalgo Counties), average of low and high 
scenarios (diversion), multiplied by consumptive factor. Extrapolate to 2060.  

4) San Juan: San Juan Regional Water Plan, 2003. 
4b) Southwest New Mexico Regional Water Plan, 2005, appendix E5; Sum of Catron and Hidalgo Counties. Average of low and high estimates; extrapolated to 2060. 

5) San Juan Regional Water Plan, 2003 – weighted average of year 2000 calculated M&I efficiency by planning area for year 2011. 2015 based on 2011 to 2035 
interpolation. NMISC, personal communication, 2011 provided 2035 and 2060 values. 

6) San Juan: Consumptive factor calculated from demand and M&I water use efficiency for 2015 (within reported range). This value moves to 50 percent by 2035 per 
NMISC, 2011. 

7) San Juan: NMISC, personal communication, 2011; 100 afy moved to reservoir evaporation. 
7b)  Southwest New Mexico Regional Water Plan, 2005. Sum of Public (table 6-15), Commercial, Industrial, and Domestic (appendix E5) (Catron and Hidalgo Counties only), 

multiplied by consumptive use factor to get consumptive demand. Extrapolated for 2060. 
8) San Juan: NMISC, personal communication, 2011. 
9) San Juan: NMISC, personal communication, 2011. 

9b) Southwest New Mexico Regional Water Plan, 2005, appendix E5, Grant, Hidalgo, and Catron Counties. Average of low and high scenario. Assume 2060 remains same 
as 2020–2040.  

10) San Juan: NMISC, personal communication, 2011.  
10b) Southwest New Mexico Regional Water Plan, 2005, appendix E5 (Hidalgo and Catron Counties only). Average of low and high scenario. Assume 2060 remains same as 

2020–2040.  
11) San Juan: NMISC, personal communication, 2011; 100 afy moved to reservoir evaporation. 
12) San Juan: NMISC, personal communication, 2011; 1,000 moved to reservoir evaporation. 

12b) Northwest: Build-out of Navajo-Gallup pipeline. 
13) 63,551 from Middle Rio Grande Regional Water Supply Study, S.S. Papadopulos & Associates (SSPA, 2000). + 29,750 from Taos Regional Water Plan (DBSA, 2008) 
14) New Water Use by Categories 2005, Pg. 92. Applied water rate 7.8 estimated from Middle Rio Grande Conservancy District total diversion 39,403 divided by 5,004 acres, 

and applied to 63,551 acres. 3.55 afy/acre calculated for Taos based on 105,693 afy divided by 29,750 acres (Taos Regional Water Plan). Weighted average calculated. 
15) Calculated based on consumptive water use of 2.10 af/ac/yr from NMISC, personal communication, 2011.  
16) Middle Rio Grande: BBER Regional Water Planning Areas, Middle Rio Grande Area, (SSPA, 2000) + Taos: Taos Regional Plan table 6-20 (DBSA, 2008) interpolated for 

2015/2035 and extrapolated past 2050 for 2060. 
17) Taken from current Albuquerque reported M&I efficiency and planning. Assumed population of Albuquerque heavily influences overall average. 
18) 40 percent assumed, based on Albuquerque's current use. Assumed population of Albuquerque heavily influences overall average. 
19) Taos Regional Water Plan table 6-25 (DBSA, 2008) interpolated for 2015/2035 and extrapolated past 2050 for 2060. 
20) Taos Regional Water Plan table 6-26 (DBSA, 2008) interpolated for 2015/2035 and extrapolated past 2050 for 2060. 
21) Taos Regional Water Plan table 6-27 (DBSA, 2008) interpolated for 2015/2035 and extrapolated past 2050 for 2060. 
22) Contracted amount from San Juan Chama contracts. 
23) Contracted amount from San Juan Chama contracts for 2015.  
24) Calculated from the sum of Hydrologic Basin (Consumptive) Demand and Adjacent Areas (Diversion) Demand. 
25) Adjacent areas: Potential Colorado River Demand is San Juan Chama Contract plus unsustainable portion of supply from Middle Rio Grande Regional Water Plan, 2004. 
26) For Adjacent Area, 25,000 afy of Colorado River Demand is agricultural, per contracts. Assume full tribal is met by Colorado River. Remaining Colorado River demand is 

all M&I. 
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TABLE C3-3 
Total Demand within Study Area under Slow Growth (B) Scenario 

 

NEW MEXICO LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 34 34 34 17 15 14 0 0 0 51 50 48 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 5.08 5.08 5.08 5.89 5.89 5.89 0.00 0.00 0.00 5.34 5.33 5.31 2
Consumptive factor [%] 51% 51% 51% 33% 33% 33% 0% 0% 0% 45% 45% 45%

Demand (Consumptive) 89 89 89 33 30 27 0 0 0 122 119 116
Municipal and Industrial (M&I) Population [thousands] 186 189 200 10 9 7 0 0 0 196 198 207 3

M&I Per Capita Use (Diversion) [gpcd] 200 181 146 193 192 193 0 0 0 200 181 148 4
Consumptive factor[%] 44% 50% 50% 50% 50% 50% 0% 0% 0% 45% 50% 50%

M&I Demand (Consumptive) 18 19 16 1 1 1 0 0 0 20 20 17
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0.1 0.1 0.1 5

Demand (Consumptive) 19 19 16 1 1 1 0 0 0 20 20 17
Energy Demand (Consumptive) 40 42 42 1 1 1 0 0 0 41 42 42 6
Minerals Demand (Consumptive) 0 0 0 1 1 1 0 0 0 1 1 1 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 288 339 341 0 0 0 4 14 15 292 352 356 9

Total Hydrologic Basin Demand (Consumptive) 435 488 487 36 33 30 4 14 15 0 0 0 475 535 532

Adjacent Areas
Agricultural Irrigated Acreage [acres] 93 93 93 93 93 93 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.45 6.59 6.77 6.45 6.59 6.77 11
Consumptive factor [%] 33% 33% 33% 33% 33% 33%

Demand (Diversion) 601 615 631 601 615 631
Demand (Consumptive) 196 200 206 196 200 206

Municipal and Industrial (M&I) Population [thousands] 1,277 1,562 1,814 1,277 1,562 1,814 12
M&I Per Capita Use (Diversion)[gpcd] 163 150 150 163 150 150 13

Consumptive factor [%] 40% 40% 40% 40% 40% 40%
M&I Demand (Diversion) 233 262 305 233 262 305

Self Served Industrial Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 14
Demand (Diversion) 233 262 305 233 262 305

Demand (Consumptive) 93 105 122 93 105 122
Energy Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 15
Minerals Demand (Diversion) 5 5 5 5 5 5 16
Fish, Wildlife, and Recreation Demand (Diversion) 5 5 5 5 5 5 17
Tribal Demand (Diversion) 11 11 11 11 11 11 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 855 898 957 855 898 957

Total Demand in the Study Area 435 488 487 36 33 30 4 14 15 855 898 957 1,330 1,433 1,490

Demand that may be met by Other Supplies 0 0 0 36 33 30 0 0 0 694 727 767 730 760 797 19

Potential Colorado River Demand 435 488 487 0 0 0 4 14 15 161 172 190 600 673 693
Agricultural Colorado River Demand 89 89 89 0 0 0 0 0 0 22 22 22 111 111 111 20
Municipal and Industrial Colorado River Demand 19 19 16 0 0 0 0 0 0 123 134 152 141 153 169
Energy Colorado River Demand 40 42 42 0 0 0 0 0 0 0 0 0 40 42 42
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 5 5 5 5 5 5
Tribal Colorado River Demand 288 339 341 0 0 0 4 14 15 11 11 11 303 363 367

STATE TOTAL
Notes

Adjacent AreasSan Juan Southwest Northwest



                                     Appendix C3 — New Mexico Water Demand 
                                                                      Scenario Quantification 

December 2012 C3-23 

Notes 
1) No changes from Current Projected. 
2) No changes from Current Projected. 
3) Based on regional trends, assume 2060 population is 25 percent less than that of Current Projected.  
4) No changes from Current Projected. 
5) No changes from Current Projected. 
6) No changes from Current Projected. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) Assumed 2035 demand from Current Projected is the new 2060 demand and interpolated for the 2035 demand. 

10) No changes from Current Projected. 
11) Used 5 percent increase from Current Projected in 2060, no changes from Current Projected in 2015, and interpolated for 2035. 
12) Bureau of Business and Economic Research (BBER). 1993 (BBER, 2008). 
13) No changes from Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) San Juan Chama at full contract amount. 
19) No changes from Current Projected. 
20) For Adjacent Area, 25,000 afy of Colorado River Demand is agricultural, per contracts. Assume full tribal is met by Colorado River. Remaining 

Colorado River demand is all M&I. 



Colorado River Basin  
Water Supply and Demand Study 

C3-24 December 2012 

TABLE C3-4 
Total Demand within Study Area under Rapid Growth (C1) Scenario 

 

NEW MEXICO LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 34 34 34 17 15 14 0 0 0 51 50 48 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 5.08 5.08 5.08 5.89 5.89 5.89 0.00 0.00 0.00 5.34 5.33 5.31 2
Consumptive factor [%] 51% 51% 51% 33% 33% 33% 0% 0% 0% 45% 45% 45%

Demand (Consumptive) 89 89 89 33 30 27 0 0 0 122 119 116
Municipal and Industrial (M&I) Population [thousands] 186 240 333 10 11 12 0 0 0 196 251 345 3

M&I Per Capita Use (Diversion) [gpcd] 200 181 146 193 192 193 0 0 0 200 181 148 4
Consumptive factor[%] 44% 50% 50% 50% 50% 50% 0% 0% 0% 45% 50% 50%

M&I Demand (Consumptive) 18 24 27 1 1 1 0 0 0 20 26 29
Self Served Industrial Demand (Consumptive) 0.10 0.10 0.10 0 0 0 0 0 0 0.10 0.10 0.10 5

Demand (Consumptive) 19 24 27 1 1 1 0 0 0 20 26 29
Energy Demand (Consumptive) 40 42 42 0.6 0.6 0.6 0 0 0 41 42 42 6
Minerals Demand (Consumptive) 0 0 0 0.9 0.9 0.9 0 0 0 0.9 0.9 0.9 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 294 387 503 0 0 0 4 15 15 298 402 518 9

Total Hydrologic Basin Demand (Consumptive) 441 542 661 36 33 30 4 15 15 0 0 0 481 590 706

Adjacent Areas
Agricultural Irrigated Acreage [acres] 93 93 93 93 93 93 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.45 6.45 6.45 6.45 6.45 6.45 11
Consumptive factor [%] 33% 33% 33% 33% 33% 33%

Demand (Diversion) 601 601 601 601 601 601
Demand (Consumptive) 196 196 196 196 196 196

Municipal and Industrial (M&I) Population [thousands] 1,277 1,816 2,666 1,277 1,816 2,666 12
M&I Per Capita Use (Diversion)[gpcd] 163 150 150 163 150 150 13

Consumptive factor [%] 40% 40% 40% 40% 40% 40%
M&I Demand (Diversion) 233 305 448 233 305 448

Self Served Industrial Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 14
Demand (Diversion) 233 305 448 233 305 448

Demand (Consumptive) 93 122 179 93 122 179
Energy Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 15
Minerals Demand (Diversion) 5 5 5 5 5 5 16
Fish, Wildlife, and Recreation Demand (Diversion) 5 5 5 5 5 5 17
Tribal Demand (Diversion) 11 11 11 11 11 11 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 855 928 1,071 855 928 1,071

Total Demand in the Study Area 441 542 661 36 33 30 4 15 15 855 928 1,071 1,337 1,518 1,777

Demand that may be met by Other Supplies 0 0 0 36 33 30 0 0 0 694 727 767 730 760 798 19

Potential Colorado River Demand 441 542 661 0 0 0 4 15 15 161 201 303 606 758 979
Agricultural Colorado River Demand 89 89 89 0 0 0 0 0 0 22 22 22 111 111 111 20
Municipal and Industrial Colorado River Demand 19 24 27 0 0 0 0 0 0 123 163 265 141 187 293
Energy Colorado River Demand 40 42 42 0 0 0 0 0 0 0 0 0 40 42 42
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 5 5 5 5 5 5
Tribal Colorado River Demand 294 387 503 0 0 0 4 15 15 11 11 11 309 413 529

STATE TOTAL
Notes

Adjacent AreasSan Juan Southwest Northwest
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December 2012 C3-25 

Notes 
1) No changes from Current Projected. 
2) No changes from Current Projected. 
3) Based on regional trends, assume 2060 population is 25 percent greater than that of Current Projected.  
4) No changes from Current Projected. 
5) No changes from Current Projected. 
6) No changes from Current Projected. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) Northwest: Assumed 2060 demand from Current Projected would be reached in 2035 demand and that no new claims are filed (San Juan: Personal 

communication, Navajo Nation, April 16, 2012.) 

10) No changes from Current Projected. 
11) No changes from Current Projected. 
12) (BBER, 1993) (BBER, 2008). 
13) No changes from Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) San Juan Chama at full contract amount. 
19) No changes from Current Projected. 
20) For Adjacent Area, 25,000 afy of Colorado River Demand is agricultural, per contracts. Assume full tribal is met by Colorado River. Remaining Colorado 

River demand is all M&I. 

 
  



Colorado River Basin  
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TABLE C3-5 
Total Demand Within Study Area Under Rapid Growth (C2) Scenario 

 

NEW MEXICO LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 34 34 34 17 15 14 0 0 0 51 50 48 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 5.08 4.96 4.82 5.89 5.76 5.60 0.00 0.00 0.00 5.34 5.21 5.05 2
Consumptive factor [%] 51% 51% 51% 33% 33% 33% 0% 0% 0% 45% 45% 45%

Demand (Consumptive) 89 87 84 33 30 26 0 0 0 122 117 110
Municipal and Industrial (M&I) Population [thousands] 186 240 333 10 11 12 0 0 0 196 251 345 3

M&I Per Capita Use (Diversion) [gpcd] 199 176 139 192 187 183 0 0 0 199 177 140 4
Consumptive factor[%] 44% 50% 50% 50% 50% 50% 0% 0% 0% 45% 50% 50%

M&I Demand (Consumptive) 18 24 26 1 1 1 0 0 0 19 25 27
Self Served Industrial Demand (Consumptive) 0.10 0.10 0.10 0 0 0 0 0 0 0.10 0.10 0.10 5a, 5b

Demand (Consumptive) 18 24 26 1 1 1 0 0 0 20 25 27
Energy Demand (Consumptive) 40 42 42 0.6 0.6 0.6 0 0 0 41 42 42 6
Minerals Demand (Consumptive) 0 0 0 0.9 0.9 0.9 0 0 0 0.9 0.9 0.9 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 294 387 503 0 0 0 4 15 15 298 402 518 9

Total Hydrologic Basin Demand (Consumptive) 441 539 655 36 33 29 4 15 15 0 0 0 481 587 699

Adjacent Areas
Agricultural Irrigated Acreage [acres] 93 93 93 93 93 93 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.45 5.87 5.16 6.45 5.87 5.16 11
Consumptive factor [%] 33% 33% 33% 33% 33% 33%

Demand (Diversion) 601 548 481 601 548 481
Demand (Consumptive) 196 178 157 196 178 157

Municipal and Industrial (M&I) Population [thousands] 1,277 1,816 2,666 1,277 1,816 2,666 12
M&I Per Capita Use (Diversion)[gpcd] 162 146 143 162 146 143 13

Consumptive factor [%] 40% 40% 40% 40% 40% 40%
M&I Demand (Diversion) 231 298 426 231 298 426

Self Served Industrial Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 14
Demand (Diversion) 231 298 426 231 298 426

Demand (Consumptive) 93 119 170 93 119 170
Energy Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 15
Minerals Demand (Diversion) 5 5 5 5 5 5 16
Fish, Wildlife, and Recreation Demand (Diversion) 5 5 5 5 5 5 17
Tribal Demand (Diversion) 11 11 11 11 11 11 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 854 867 928 854 867 928

Total Demand in the Study Area 441 539 655 36 33 29 4 15 15 854 867 928 1,335 1,454 1,627

Demand that may be met by Other Supplies 0 0 0 36 33 29 0 0 0 694 727 767 730 759 796 19

Potential Colorado River Demand 441 539 655 0 0 0 4 15 15 160 140 161 605 694 831
Agricultural Colorado River Demand 89 87 84 0 0 0 0 0 0 22 22 22 111 109 106 20
Municipal and Industrial Colorado River Demand 18 24 26 0 0 0 0 0 0 122 102 123 140 126 149
Energy Colorado River Demand 40 42 42 0 0 0 0 0 0 0 0 0 40 42 42
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 5 5 5 5 5 5
Tribal Colorado River Demand 294 387 503 0 0 0 4 15 15 11 11 11 309 413 529

STATE TOTAL
Notes

Adjacent AreasSan Juan Southwest Northwest
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Notes 
1) No changes from Current Projected. 
2) Used 5 percent growth from Current Projected in 2060, no change from Current Projected in 2015, and interpolated for 2035. 
3) Based on regional trends, assume 2060 population is 25 percent greater than that of Current Projected.  
4) Assume 1 percent reduction per decade relative to Current Projected. 

5a) Used same percentage change as GPCD section for San Juan Area. 
5b) Assumed no increase from Current Projected in Southwest Area. 

6) No changes from Current Projected. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) Northwest: Assumed 2060 demand from Current Projected would be reached in 2035 demand and that no new claims are filed (San Juan: Personal 

communication, Navajo Nation, April 16, 2012.) 

10) No changes from Current Projected. 
11) Used 20 percent growth from Current Projected in 2060, no change from Current Projected in 2015, and interpolated for 2035. 
12) (BBER, 1993) (BBER, 2008) 
13) Assume 1 percent reduction per decade relative to Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) San Juan Chama at full contract amount. 
19) No changes from Current Projected. 
20) For Adjacent Area, 25,000 afy of Colorado River Demand is agricultural, per contracts. Assume full tribal is met by Colorado River. Remaining Colorado 

River demand is all M&I. 
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TABLE C3-6 
Total Demand within Study Area under Enhanced Environment (D1) Scenario 

 

NEW MEXICO LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 34 34 34 17 15 14 0 0 0 51 50 48 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 5.08 5.08 5.08 5.89 5.89 5.89 0.00 0.00 0.00 5.34 5.33 5.31 2
Consumptive factor [%] 51% 51% 51% 33% 33% 33% 0% 0% 0% 45% 45% 45%

Demand (Consumptive) 89 89 89 33 30 27 0 0 0 122 119 116
Municipal and Industrial (M&I) Population [thousands] 186 214 267 10 10 10 0 0 0 196 224 276 3

M&I Per Capita Use (Diversion) [gpcd] 198 172 131 191 172 148 0 0 0 198 172 132 4
Consumptive factor[%] 44% 50% 50% 50% 50% 50% 0% 0% 0% 45% 50% 50%

M&I Demand (Consumptive) 18 21 20 1 1.0 0.8 0 0 0 19 22 20
Self Served Industrial Demand (Consumptive) 0.10 0.10 0.09 0.0 0.0 0.0 0 0 0 0.10 0.10 0.09 5a, 5b

Demand (Consumptive) 18 21 20 1 1.0 0.8 0 0 0 19 22 21
Energy Demand (Consumptive) 40 39 37 0.6 0.6 0.6 0 0 0 41 40 38 6
Minerals Demand (Consumptive) 0 0 0 0.9 0.9 0.9 0 0 0 0.9 0.9 0.9 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0.0 0 0 8
Tribal Demand (Consumptive) 288 339 341 0 0 0 4 14 15 292 352 356 9

Total Hydrologic Basin Demand (Consumptive) 435 487 486 36 33 30 4 14 15 0 0 0 475 534 531

Adjacent Areas
Agricultural Irrigated Acreage [acres] 93 93 93 93 93 93 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.45 6.45 6.45 6.45 6.45 6.45 11
Consumptive factor [%] 33% 33% 33% 33% 33% 33%

Demand (Diversion) 601 601 601 601 601 601
Demand (Consumptive) 196 196 196 196 196 196

Municipal and Industrial (M&I) Population [thousands] 1,277 1,802 2,326 1,277 1,802 2,326 12
M&I Per Capita Use (Diversion)[gpcd] 161 143 125 161 143 125 13

Consumptive factor [%] 40% 40% 40% 40% 40% 40%
M&I Demand (Diversion) 230 288 326 230 288 326

Self Served Industrial Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 14
Demand (Diversion) 230 288 326 230 288 326

Demand (Consumptive) 92 115 130 92 115 130
Energy Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 15
Minerals Demand (Diversion) 5 5 5 5 5 5 16
Fish, Wildlife, and Recreation Demand (Diversion) 5 5 5 5 5 5 17
Tribal Demand (Diversion) 11 11 11 11 11 11 18

Total Adjacent Areas Demand (Diversion) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 853 910 948 853 910 948

Total Demand in the Study Area 435 487 486 36 33 30 4 14 15 853 910 948 1,328 1,444 1,480

Demand that may be met by Other Supplies 0.0 0.0 0.0 36 33 30 0.0 0.0 0.0 694 727 767 730 760 797 19

Potential Colorado River Demand 435 487 486 0.0 0.0 0.0 4 14 15 158 184 181 598 684 683
Agricultural Colorado River Demand 89 89 89 0 0 0 0 0 0 22 22 22 111 111 111 20
Municipal and Industrial Colorado River Demand 18 21 20 0 0 0 0 0 0 120 146 143 139 166 163
Energy Colorado River Demand 40 39 37 0 0 0 0 0 0 0 0 0 40 39 37
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 5 5 5 5 5 5
Tribal Colorado River Demand 288 339 341 0 0 0 4 14 15 11 11 11 303 363 367

STATE TOTAL
Notes

Adjacent AreasSan Juan Southwest Northwest
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Notes 
1) No changes from Current Projected. 
2) No changes from Current Projected. 
3) No changes from Current Projected. 
4) Assume 2 percent reduction per decade relative to Current Projected. 

5a) Used same percentage change as GPCD section for San Juan Area. 
5b) Assumed no increase from Current Projected in Southwest Area. 

6) No changes from Current Projected. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 
12) (BBER, 1993) (BBER, 2008) 
13) Assume 2 percent reduction per decade relative to Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) No changes from Current Projected. 
20) For Adjacent Area, 25,000 afy of Colorado River Demand is agricultural, per contracts. Assume full tribal is met by Colorado River. Remaining 

Colorado River demand is all M&I. 
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TABLE C3-7 
Total Demand within Study Area under Enhanced Environment (D2) Scenario 

 

NEW MEXICO LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 34 34 34 17 15 14 0 0 0 51 50 48 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 5.08 4.96 4.82 5.89 5.76 5.60 0.00 0.00 0.00 5.34 5.21 5.05 2
Consumptive factor [%] 51% 51% 51% 33% 33% 33% 0% 0% 0% 45% 45% 45%

Demand (Consumptive) 89 87 84 33 30 26 0 0 0 122 117 110
Municipal and Industrial (M&I) Population [thousands] 186 240 333 10 11 12 0 0 0 196 251 345 3

M&I Per Capita Use (Diversion) [gpcd] 198 172 131 191 182 174 0 0 0 198 172 133 4
Consumptive factor[%] 44% 50% 50% 50% 50% 50% 0% 0% 0% 45% 50% 50%

M&I Demand (Consumptive) 18 23 25 1 1 1 0 0 0 19 24 26
Self Served Industrial Demand (Consumptive) 0.10 0.10 0.09 0 0 0 0 0 0 0.10 0.10 0.09 5a, 5b

Demand (Consumptive) 18 23 25 1 1 1 0 0 0 19 24 26
Energy Demand (Consumptive) 40 42 42 0.6 0.6 0.6 0 0 0 41 42 42 6
Minerals Demand (Consumptive) 0 0 0 0.9 0.9 0.9 0 0 0 0.9 0.9 0.9 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 294 387 503 0 0 0 4 15 15 298 402 518 9

Total Hydrologic Basin Demand (Consumptive) 441 539 654 36 33 29 4 15 15 0 0 0 481 586 698

Adjacent Areas
Agricultural Irrigated Acreage [acres] 93 93 93 93 93 93 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.45 5.87 5.16 6.45 5.87 5.16 11
Consumptive factor [%] 33% 33% 33% 33% 33% 33%

Demand (Diversion) 601 548 481 601 548 481
Demand (Consumptive) 196 178 157 196 178 157

Municipal and Industrial (M&I) Population [thousands] 1,277 1,816 2,666 1,277 1,816 2,666 12
M&I Per Capita Use (Diversion)[gpcd] 160 139 128 160 139 128 13

Consumptive factor [%] 40% 40% 40% 40% 40% 40%
M&I Demand (Diversion) 229 282 381 229 282 381

Self Served Industrial Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 14
Demand (Diversion) 229 282 381 229 282 381

Demand (Consumptive) 92 113 152 92 113 152
Energy Demand (Diversion) 0.02 0.02 0.03 0.02 0.02 0.03 15
Minerals Demand (Diversion) 5 5 5 5 5 5 16
Fish, Wildlife, and Recreation Demand (Diversion) 5 5 5 5 5 5 17
Tribal Demand (Diversion) 11 11 11 11 11 11 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 852 851 883 852 851 883

Total Demand in the Study Area 441 539 654 36 33 29 4 15 15 852 851 883 1,333 1,438 1,581

Demand that may be met by Other Supplies 0 0 0 36 33 29 0 0 0 694 727 767 730 759 796 19

Potential Colorado River Demand 441 539 654 0 0 0 4 15 15 157 125 116 603 678 785
Agricultural Colorado River Demand 89 87 84 0 0 0 0 0 0 22 22 22 111 109 106 20
Municipal and Industrial Colorado River Demand 18 23 25 0 0 0 0 0 0 119 87 78 138 110 102
Energy Colorado River Demand 40 42 42 0 0 0 0 0 0 0 0 0 40 42 42
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 5 5 5 5 5 5
Tribal Colorado River Demand 294 387 503 0 0 0 4 15 15 11 11 11 309 413 529

STATE TOTAL
Notes

Adjacent AreasSan Juan Southwest Northwest
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Notes 
1) No changes from Current Projected. 
2) Used 5 percent increase from Current Projected in 2060, no change from Current Projected in 2015, and interpolated for 2035. 
3) Based on regional trends, assume 2060 population is 25 percent greater than that of Current Projected.  
4) Assume 3 percent reduction per decade relative to Current Projected. 

5a) Used same percentage change as GPCD section for San Juan Area. 
5b) Assumed no increase from Current Projected in Southwest Area. 

6) No changes from Current Projected. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) Northwest: Assumed 2060 demand from Current Projected would be reached in 2035 demand and that no new claims are filed. (San Juan: Personal 

communication, Navajo Nation, April 16, 2012.) 

10) No changes from Current Projected. 
11) Used 20 percent increase from Current Projected in 2060, no change from Current Projected in 2015, and interpolated for 2035. 
12) (BBER, 1993) (BBER, 2008). 
13) Assume 3 percent reduction per decade relative to Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) San Juan Chama at full contract amount. 
19) No changes from Current Projected. 
20) For Adjacent Area, 25,000 afy of Colorado River Demand is agricultural, per contracts. Assume full tribal is met by Colorado River. Remaining Colorado 

River demand is all M&I. 
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Appendix C4 — Utah Water Demand 
Scenario Quantification 

1.0 Introduction 
This appendix summarizes the data sources used in scenario quantification for Colorado River 
demand1 for the state of Utah and presents the results of quantification. As presented in figure 
C4-1, Utah is divided into a number of planning areas that align with Colorado River Basin 
(Basin) tributaries (Uintah, West Colorado River, Southeast Colorado River, and Kanab 
Creek/Virgin River) as well as adjacent areas that are served by Colorado River water. Data 
collection and development were completed at the planning area level. 

The following sections present background information that summarizes the state’s planning 
areas as well as data sources used to quantify demand scenarios by category. Following the 
background section, results of demand scenario quantification are presented. The results section 
is broken out into a Utah Study Area summary, followed by Colorado River demand by 
geography, and finally by category.  

2.0 Background 
The Utah Division of Water Resources (DWR) is responsible for regional and state-level water 
resource planning in Utah. DWR has led numerous water resource planning studies that include 
individual river basins (planning areas) as well as state-wide efforts. Information presented in 
this summary was largely obtained from DWR’s planning studies.  

DWR coordinated Utah’s efforts to provide information for scenario quantification. These efforts 
largely relied on information previously generated through regional plans and demographic 
studies. However, new assumptions and/or data development were required where the 
assumptions of the Colorado River Basin Water Supply and Demand Study (Study) required 
information not developed as part of the regional planning effort.  

2.1 Data Sources for Quantification 
This section discusses data sources for demand quantification by use category. Some category 
projections were based on relevant parameter data, while other category projections were 
developed directly as water demand. Sources include state, regional, and national agency reports. 

• Agricultural Demand: Irrigated acreage and agricultural applied water use were derived 
from Utah’s Water Resources Planning for the Future (DWR, 2001a). Consumptive 
demand is derived from Colorado River Simulation System (CRSS).  

 

                                                      
1 Colorado River demand as computed by Study Area demand minus other supplies. 
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FIGURE C4-1 
Colorado River Hydrologic Basin and Export Service Areas in Utah 
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• Municipal and Industrial (M&I): Population estimates for all planning areas 
were derived from the Governor’s Office of Planning and Budget’s 2008 baseline 
projections. For all planning areas, per capita usage was derived from Colorado 
River demands, population, and consumptive use factors derived from State of 
Utah Municipal and Industrial Water Supply and Use Studies, Summary 2005 
(DWR, 2009).  

Consumptive demands for hydrologic basin planning areas, except Kanab Creek/Virgin 
River, were derived from CRSS, whereas Kanab Creek/Virgin River consumptive 
demands were derived from the State Water Plan (DWR, 2001b.). For Wasatch Front, 
diversion demands are derived from Utah’s Water Resources Planning for the Future 
(DWR, 2001a).  

• Energy: Energy demands were derived from the 2007 Upper Colorado River 
Commission demand schedule.  

• Minerals: Minerals demands were derived from the 2007 Upper Colorado River 
Commission demand schedule.  

• Fish, Wildlife, and Recreation: Fish, wildlife, and recreation demands were derived 
from the 2007 Upper Colorado River Commission demand schedule.  

• Tribal: Tribal demands were provided by the Ute Indian Tribe of the Uintah and 
Ouray Reservation and the Navajo Nation. 

3.0 Results of Water Demand Scenario Quantification 
This section summarizes Utah’s Colorado River water demand trends by category across the 
initial scenarios. The purpose of this section is to describe changes in demands, both temporally 
and geographically, parameters that influence changes in demands, and how the parameters and 
demands differ among scenarios.  

Demands were first developed for areas that may be potentially served by Colorado River water 
(Study Area demands), independent of the source of supply. However, for areas outside of the 
hydrologic basin, a portion of the Study Area demand is satisfied from other supplies such as 
local groundwater and imports from the Sevier River Basin. The communities within the 
Colorado River Basin also rely on non-tributary groundwater for a portion of their supply. To 
develop estimates of the Colorado River demand, the Study Area demand was reduced by 
estimates of available supply from other sources. This appendix focuses on Colorado River 
demands, but includes discussion of the Study Area parameters that led to these demands. 
Lower Colorado River Basin demands are not included; CRSS would need to be extended and 
natural flow data sets would need to be developed in order to include the Lower Basin tributaries 
in the analysis. 

The following sections summarize the results of demand scenario quantification, presenting 
Study Area demand and Colorado River water demand, Colorado River Demand for the state and 
individual planning areas across the six scenarios, and presenting Colorado River water demand 
by category across the six scenarios. Parameters and demands for all categories and all scenarios, 
along with references for data sources, are included. 
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3.1 Summary Results of Scenario Quantification 
Values were developed for Study Area parameters to quantify Study Area demand for each of 
the scenarios. Colorado River demand was calculated as Study Area demand minus other 
supplies. Table C4-1 presents summary results for the demand scenarios considered in the Study. 
The table presents agricultural and M&I demand parameters for the entire Study Area that 
distinguishes the scenarios, the resulting Study Area demands, and finally the Colorado River 
demands by category. Because other supplies may vary among scenarios, trends observed in the 
parameters and Study Area demands may not be reflected identically in Colorado River demand 
trends.  

Utah estimates that about 2.4 million people will be in Utah’s Study Area by 2015. This number 
is expected to increase to 3.7 to 6.2 million by 2060. The greatest population growth is 
associated with the Rapid Growth (C1 and C2) scenarios. The Slow Growth (B) scenario has the 
lowest population growth of the scenarios (3.7 million by 2060), but still represents a growth of 
about 55 percent over 2015 estimates.  

The growing municipal population, however, will continue to be more efficient in its per capita 
water use than today. Per capita water use, based solely on passive or existing conservation 
targets, is expected to be 14 to 25 percent less in 2060 than in 2015. Usage rates as well as per 
capita reductions vary across Utah’s planning areas.  

Irrigated acreage is projected to decrease through 2060 under all scenarios. Irrigated acreage 
decreases by between 66,000 acres (Current Projected [A], Slow Growth [B], and Enhanced 
Environment [D1 and D2] scenarios) and 113,000 acres (Rapid Growth [C1 and C2] scenarios), 
or 8 to 13 percent from 2015 irrigated acreage. Water delivery per acre decreases in all scenarios, 
with decreases ranging from less than 1 percent (Slow Growth [B] scenario) to 15 percent (Rapid 
Growth [C2] and Enhanced Environment [D2] scenarios). Water delivery per acre varies across 
planning areas, but reductions in water delivery per acre are consistent across most planning 
areas except the Wasatch Front, which has a greater reduction than the other planning areas.  

Study Area demand for energy is projected to increase under all scenarios due to the growing 
need for electricity generation. The greatest increases in Study Area demand for energy are 
anticipated in the Uintah and West Colorado River planning areas, with a combined increase of 
about 11,500 to 12,500 acre-feet per year (afy) (25 percent) for all scenarios except the Rapid 
Growth (C1) scenario, which has an increase of about 18,500 afy (40 percent). 

There is no reported projected Study Area demand for minerals under the scenarios considered in 
the Study.  

Study Area demand for tribal use is projected to remain constant in the Current Project (A) and 
Enhanced Environment (D1) scenarios and increases under the remaining scenarios. Under Slow 
Rapid Growth (C1 and C2) and Enhanced Environment (D2) scenarios, demand increases by 24 
percent. In the Slow Growth (B) scenario, tribal Study Area demand is projected to increase by 
52 percent.  

Figure C4-2 presents demands across the scenarios in three panels as follows: 1) Study Area 
demand with other supplies and Colorado River demand identified, 2) Colorado River demand, 
and 3) change in Colorado River demand by demand category.  
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TABLE C4-1  
Summary Results of Utah Water Demand Scenario Quantification by 2060 

Key Study Area Demand Scenario Parameters 

 20151  
2060 Scenario Parameters 

A B C1 C2 D1 D2 
Population (millions) 2.4 4.9 3.7 6.2 6.2 4.9 6.2 

Change in per capita water usage (%), 
from 2015 — –14% –14% –14% –21% –23% –25% 

Irrigated acreage (millions of acres) 0.86 0.80 0.80 0.75 0.75 0.80 0.80 

Change in per acre water delivery (%), 
from 2015 — –3% –0% –3% –15% –3% –15% 

Study Area Demand (thousand acre-feet [kaf]) 

 20151  
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 2,040 1,760 1,822 1,654 1,396 1,760 1,486 

M&I demand 790 1,382 1,036 1,727 1,514 1,154 1,405 

Energy demand 47 60 60 66 59 54 59 

Minerals demand 0 0 0 0 0 0 0 

FWR demand 0 0 0 0 0 0 0 

Tribal demand2 170–272 259 259 337 337 259 337 

Total Study Area Demand3 3,136 3,460 3,176 3,784 3,307 3,226 3,287 

Colorado River Demand (kaf) 

 20151  
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 457 493 492 466 442 492 469 

M&I demand 236 342 274 409 384 304 347 

Energy demand 47 60 60 66 59 54 59 

Minerals demand 0 0 0 0 0 0 0 

FWR demand 0 0 0 0 0 0 0 

Tribal demand2 170–272 259 259 337 337 259 337 

Total Colorado River Demand3 911–1012 1,154 1,084 1,277 1,222 1,109 1,212 
1 If range across scenarios is less than 10 percent, Current Projected (A) is presented. Otherwise, range (min – max) is 

presented. 
2 The diversion and depletion associated with the demand for the Ute Indian Tribe of the Uintah and Ouray Reservation is 

dependent upon the re-ratification of the Revised Ute Indian Compact of 1990 by the Tribe and the state of Utah. 
3 Excludes potential losses (reservoir evaporation, phreatophytes, and/or operational inefficiencies) that may be charged to 

state. 
 

From panel one it can be seen that Study Area demand increases from about 3.0 million acre-feet 
(maf) in 2015 to between 3.2 and 3.8 maf in 2060. The range in Study Area demand growth 
across scenarios in 2060, however, is projected to be as low as 129 kaf or as high as 634 kaf. 
About 63 to 67 percent of the Study Area demand is expected to be met by other supplies. 
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FIGURE C4-2 
Study Area, Colorado River, and Change in Colorado River Demand  
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Panel two provides a view of the range across scenarios of Colorado River demand. Colorado 
River demand is calculated as Study Area demand minus other supplies. The Study and the 
results in this section focus on the resulting Colorado River demand. Colorado River demand2 
increases from 911 kaf in 2015 to between 1,084 and 1,277 kaf in 2060 (or 19 to 26 percent), 
depending on the scenario. This difference results in a Colorado River demand range of about 
193 kaf across the scenarios in 2060 or about 18 percent.  

Panel three shows how specific categories affect the projected change in Colorado River demand 
by scenario. Growth in M&I and tribal demands results in the greatest increase in demand.  

Figure C4-3 ties historical water use to the range of Colorado River demand in the quantified 
scenarios. The 193 kaf range across scenarios in 2060 is easily discernible, with a relatively even 
spread over the range across the scenarios. In addition, it appears that the quantified scenarios 
track well with the peaks in historical uses that likely represent the least supply-limited 
conditions or actual demand.  

 
FIGURE C4-3 
Historical Use and Future Projected Demand Excluding Reservoir Evaporation1 

 
1Reservoir evaporation on the order of 190 kaf is not included in this plot. 

                                                      
2 Losses to reservoir evaporation are not part of this total.  
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3.2 Colorado River Water Demand by Geography  
Colorado River water demand for areas served by the Colorado River is presented in figures C4-4 
and C4-5. These figures show two geographic levels: Study Area in Utah, and individual planning 
areas. Demands at each geographic level are shown across the scenarios. The columns to the right 
show the Colorado River demand at a point in time (2015, 2035, or 2060) by relative contribution 
of the categories.  
When demands by category are examined in figure C4-5, the mix of demand categories in the 
hydrologic basin and adjacent areas are different, with agricultural and tribal demand dominating 
the hydrologic basin and M&I demand dominating the adjacent areas. 
Figure C4-6 shows the change in Colorado River demand by category from 2015 across the 
scenarios. The change in both magnitude and percentage change of Colorado River demand3 in 
Utah varies considerably across the planning area. The Uintah Basin shows the greatest magnitude, 
rate, and variability of overall growth in Colorado River demand from 2015 to 2060 across the 
scenarios, with between 2 and 115 kaf making up between 1 and 66 percent of the total growth in 
Utah. This growth comes primarily from tribal demands, and is partially offset in some scenarios 
by a decrease in agricultural demands. Demands for the Kanab Creek/Virgin River planning area 
are projected to grow by 74 kaf across all scenarios, with the growth primarily coming from 
increased population. Demands for the Wasatch Front, which are primarily M&I, have variable 
changes through time, ranging from a decrease of about 33 kaf (Slow Growth [B] scenario) to an 
increase of about 90 kaf (Rapid Growth [C1] scenario), while Study Area M&I demand increases 
across all scenarios in the Wasatch Front (the portion that is Colorado River demand decreases in 
some scenarios due to changing assumptions of other supplies).  

3.3 Colorado River Demand by Category 

3.3.1 Agricultural 
Agricultural water demand is driven by irrigated acreage and water delivery per acre. Water 
delivery per acre is the amount of water diverted per irrigated acre. Components of this use 
include transmission and delivery losses (surface evaporation, riparian demand, and seepage), 
and on-farm losses that are made up of evaporation, crop irrigation requirements, and tail water 
(return). Each of these factors will vary by location (precipitation, growing season, etc.), 
irrigation method, and crop type.  

Figure C4-7 presents the following by scenario in 2015, 2035, and 2060:  

• Change in agricultural demand for Colorado River water 

• Change in agricultural demand for Colorado River water by planning area 

• Agricultural demand as a portion of Colorado River water demand (right hand side 
of graph) 

 

                                                      
3 Potential Colorado River demand is based on changes in parameters such as population, and for the purpose of the Study, is not 
   limited by apportionment.  



Appendix C4 — Utah Water Demand 
 Scenario Quantification 

December 2012 C4-9 

FIGURE C4-4 
Colorado River Demand in Utah 
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FIGURE C4-5 
Colorado River Demand by Category 
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FIGURE C4-6 
Change in Colorado River Demand in Utah from 2015 by Category 
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FIGURE C4-7 
Change in Colorado River Demand in Utah from 2015 for Agriculture 
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As can be seen from figure C4-7, agricultural water demand is the largest component of 
Colorado River demand in Utah, dropping from about 50 percent in 2015 to between 36 and 
45 percent of demand in 2060, depending on which scenario is considered. This drop results 
primarily from an increase in other categories of demand; agricultural demand increases or 
remains the same in all scenarios except the Rapid Growth (C2) scenario, in which it decreases.  

For all scenarios, agricultural demand generally increases through time in Uintah and Southeast 
Colorado River planning areas. Agricultural demand increases or decreases depending on the 
scenario in the Wasatch Front and West Colorado River planning areas.  

The drivers for change in agricultural demand vary across planning areas. Across all scenarios 
and all planning areas, irrigated acreage is forecast to decrease through time by varying amounts. 
In the Southeast Basin, the decrease in irrigated acreage is offset by an increase in applied water 
use, resulting in demand increasing through time across all scenarios. In the Uintah Basin, 
irrigated acreage increases by varying amounts across the scenarios. Increases in agricultural 
demand occur in the Current Projected (A), Slow Growth (B), Rapid Growth (C1), and Enhanced 
Environment (D1 and D2) scenarios due to increases in water delivery per acre. Decreased 
demand occurs in the Rapid Growth (C2) scenario where both irrigated acreage and water 
delivery per acre decrease.  

A strong driver for loss of agricultural acreage is urbanization, leading to physical loss of acreage 
and market pressure for transfer of water rights. Increases in water delivery per acre are due to 
better delivery mechanisms or storage, allowing for more use of water on the same acreage in a 
given growing season. 

3.3.2 Municipal and Industrial 
M&I water demand can be estimated from population and M&I per capita water use; there is no 
self-served industrial demand in Utah in the scenarios examined. M&I per capita water use is a 
measure of the amount of water produced or diverted per person in a given municipality. 
Because this measure examines all water produced by a given municipality, it often includes 
industrial, commercial, and institutional demand as well as residential demand. A number of 
factors may influence the M&I per capita water use of a given community, including the amount 
of industrial demand, climate, number of institutional facilities, and number of visitors.  

Figure C4-8 presents the following by scenario in 2015, 2035, and 2060:  

• Change in M&I demand for Colorado River water in the Study Area 

• Change in M&I demand for Colorado River water in individual planning areas 

• M&I demand as a portion of Colorado River water demand (right hand side of graph) 

As can be seen from figure C4-8, M&I water demand is the second largest component of 
Colorado River demand, changing from 26 percent in 2015 to between 25 and 32 percent of 
Colorado River demand in 2060, depending on which scenario is considered. 

Colorado River demand for M&I use increases over time from 2015 to 2060 across all scenarios. 
The increase is primarily due to population increase as M&I per capita water use decreases over 
time across all scenarios.  
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FIGURE C4-8 
Change in Colorado River Demand in Utah from 2015 for M&I 
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In examining the planning areas, the Kanab Creek/Virgin River and Wasatch Front planning 
areas make up the majority of increase in M&I demand for Colorado River water from 2015 to 
2060. In the Kanab Creek/Virgin River planning area, the increase is relatively consistent across 
scenarios, and is primarily the result of increasing population. In the Wasatch Front planning 
area, population increases across all scenarios, but changes in assumptions of other supplies 
results in variable increases, and in some scenarios a decrease, in Colorado River demand.  

Increases in population are somewhat tempered by decreases in M&I per capita water use in all 
scenarios, with reductions ranging from 14 to 25 percent by 2060. 

3.3.3 Energy 
Water demand for energy can be estimated through known plans for new power plants or 
through applying a per capita energy water use factor. Power facilities often serve areas remote 
from their locations and therefore potentially represent exports or imports of water from the 
Study Area to meet these distributed needs.  

Figure C4-9 presents the following by scenario in 2015, 2035, and 2060:  

• Change in energy demand for Colorado River water 

• Change in energy demand for Colorado River water in individual planning areas 

• Energy demand as a portion of Colorado River water demand (right hand side of graph) 

As can be seen from figure C4-9, energy water demand is a relatively small fraction of Colorado 
River demand, making up about 5 percent of Colorado River demand through time, depending 
on which scenario is considered.  

Energy demand for Colorado River water increases over time from 2015 to 2060 across all 
scenarios, with the greatest increase in the Rapid Growth (C1) scenario.  

Energy demands are shown in the Uintah and West Colorado River planning areas. The Uintah 
Basin shows relatively consistent increases through time across scenarios of about 8 kaf. The 
West Colorado River planning area shows increases through time of 4 kaf for all scenarios 
except the Rapid Growth (C2) scenario, which shows an increase through time of 9 kaf.  

3.3.4 Minerals Extraction 
Minerals extraction is included in Utah’s estimate of M&I demand discussed above. Utah’s State 
Water Plan (DWR, 2001b), suggests that about 1,000 afy of the M&I demand is for minerals 
extraction. 

3.3.5 Fish, Wildlife, and Recreation 
There are no reported consumptive fish, wildlife, and recreation demands on Colorado River 
water in Utah under the scenarios analyzed for the Study. 

3.3.6 Tribal 
Tribal water demands were provided by the Ute Indian Tribe of the Uintah and Ouray 
Reservation and the Navajo Nation. The projected Navajo Nation demands were provided by the 
Navajo Nation Department of Water Resources and modified to fit the storyline narratives 
regarding tribal use under each scenario. 
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FIGURE C4-9 
Change in Colorado River Demand in Utah from 2015 for Energy 
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Figure C4-10 presents the following by scenario in 2015, 2035, and 2060:  

• Change in tribal demand for Colorado River water 

• Change in tribal demand for Colorado River water in individual planning area 

• Tribal demand as a portion of Colorado River demand (right hand side of graph) 

As can be seen from figure C4-10, tribal water demand slightly decreases as a component 
of Colorado River demand in Utah, from 27 percent in 2015 to between 22 and 28 percent of 
Colorado River demand in 2060, depending on which scenario is considered. 

Colorado River tribal demand occurs in the Uintah Basin and Southeast Colorado River planning 
areas, and increases over time from 2015 to 2060 across all scenarios.  

For additional information on tribal demands, see appendix C9.  

3.4 Summary Tables of Parameters and Demands by Category 
Tables C4-2 to C4-7 present the specific parameter data collected by planning area. Each table is 
a complete set of data for a given scenario. These data were used to develop Study Area demands 
and subsequently Colorado River demands once other supplies were considered. These tables 
provide the specific information used in the creation of the summary and category plots 
previously discussed and provide reference information for the data provided. 

4.0 References 
Utah Department of Natural Resources, Division of Water Resources (DWR). 2001a. Utah’s 

Water Resources Planning for the Future. 

Utah Department of Natural Resources, Division of Water Resources (DWR). 2001b. State 
Water Plan. 

Utah Department of Natural Resources, Division of Water Resources (DWR). 2009. State of 
Utah Municipal and Industrial Water Supply and Use Studies, Summary 2005. 
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FIGURE C4-10 
Change in Colorado River Demand in Utah from 2015 for Tribal 
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TABLE C4-2 
Total Demand within Study Area under Current Projected (A) Scenario 

 

LEGEND: 999 From States 999 From State Plans
Units are thousand acre feed per year, unless otherwise noted 999 Calculated 999 From Study Team

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 198 197 197 19 18 18 83 83 83 19 18 15 319 317 312 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.90 2.82 3.12 2.93 3.61 4.20 3.27 3.41 3.42 4.56 4.36 4.55 3.10 3.10 3.33
Consumptive factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 2

Demand (Consumptive) 287 278 307 27 33 38 137 142 142 43 39 33 494 491 520 3
Municipal and Industrial (M&I) Population [thousands] 53 69 89 27 32 38 42 48 55 260 511 825 382 660 1,007 4

M&I Per Capita Use (Diversion) [gpcd] 308 265 220 337 315 284 250 229 201 284 240 223 287 246 224 5
Consumptive factor [%] 73% 73% 73% 56% 56% 56% 69% 69% 69% 44% 44% 44% 52% 50% 48% 6

M&I Demand (Consumptive) 13 15 16 6 6 7 8 8 9 36 60 91 64 90 122 7, 8
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Demand (Consumptive) 13 15 16 6 6 7 8 8 9 36 60 91 64 90 122 8
Energy Demand (Consumptive) 0 0.3 8 2 2 2 45 50 49 0 0 0 47 53 60 9
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11
Tribal Demand (Consumptive) 259 259 259 0 0 0 0 0 0 0 0 0 259 259 259 12

Total Hydrologic Basin Demand (Consumptive) 560 552 590 35 42 47 189 200 199 79 99 124 864 893 960

Adjacent Areas
Agricultural Irrigated Acreage [thousands] 543 514 484 543 514 484 13

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.85 2.62 2.56 2.85 2.62 2.56
Consumptive factor [%] 50% 50% 50% 50% 50% 50% 2

Demand (Diversion) 1,547 1,349 1,240 1,547 1,349 1,240 14
Demand (Consumptive) 773 675 620 773 675 620

Municipal and Industrial (M&I) Population [thousands] 2,006 2,837 3,941 2,006 2,837 3,941 15
M&I Per Capita Use (Diversion) [gpcd] 323 303 285 323 303 285 16

Consumptive factor [%] 59% 59% 59% 59% 59% 59% 17
M&I Demand (Diversion) 726 963 1,260 726 963 1,260

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0
Demand (Diversion) 726 963 1,260 726 963 1,260

Demand (Consumptive) 428 568 743 428 568 743 18
Energy Demand (Diversion) 0 0 0 0 0 0
Minerals Demand (Diversion) 0 0 0 0 0 0
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0
Tribal Demand (Diversion) 0 0 0 0 0 0

Total Adjacent Areas Demand (Diversion) 2,273 2,312 2,499 2,273 2,312 2,499

Total Demand in the Study Area 560 552 590 35 42 47 189 200 199 79 99 124 2,273 2,312 2,499 3,136 3,206 3,460 19

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 79 42 50 2,058 2,082 2,257 2,137 2,124 2,306 20

Potential Colorado River Demand 560 552 590 35 42 47 189 200 199 0 57 74 215 230 243 999 1,082 1,154 21
Agricultural Colorado River Demand 287 278 307 27 33 38 137 142 142 0 0 0 6 6 6 457 459 493 22
Municipal and Industrial Colorado River Demand 13 15 16 6 6 7 8 8 9 0 57 74 209 224 237 236 311 342
Energy Colorado River Demand 0 0.3 8 2 2 2 45 50 49 0 0 0 0 0 0 47 53 60
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 259 259 259 0 0 0 0 0 0 0 0 0 0 0 0 259 259 259

Notes
Uintah Basin Southeast Colorado River West Colorado River Kanab Creek / Virgin River Wasatch Front STATE TOTAL
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Notes 
1) No changes from Current Projected. 
2) No changes from Current Projected per the regional trends matrix. 
3) A 25 percent population decrease from Current Projected by 2060 was estimated based on regional trends (per census data). 
4) No changes from Current Projected. 
5) No changes from Current Projected. 
6) No changes from Current Projected. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) CRSS Demand Input Tool (DIT), 2011. Water users were delineated into UT basin planning areas based on location relative to CRSS nodes in DIT to 

obtain depletions. Demands based on Upper Colorado River Commission schedule dated 1/11/08.  
10) No changes from Current Projected. 
11) A two percent increase in 2035 and a five percent increase in 2060 from Current Projected was used per the regional trends matrix. 
12) A 25 percent population decrease from Current Projected by 2060 was estimated based on regional trends (per census data). 
13) No changes from Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Assume other sources are unchanged from Current Projected. 
20) For Kanab/Virgin, all potential Colorado River demand is M&I (Lake Powell pipeline). For Wasatch Front, all Potential Colorado River Demand is M&I, 

except for one agricultural export. M&I is computed as total export minus agricultural user schedule. 
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TABLE C4-3 
Total Demand within Study Area under Slow Growth (B) Scenario 

 

UTAH LEGEND: 999 Input Parameter 999 From Current Projected Data Sheet
Units are thousand acre-feet per year, unless otherwise noted 999 Computed

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agriculture Irrigated Acreage [thousands] 198 197 197 19 18 18 83 83 83 19 18 15 319 317 312 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.90 2.82 3.12 2.93 3.61 4.20 3.27 3.41 3.42 4.56 4.36 4.55 3.10 3.10 3.33 2
Consumptive Factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

Demand (Consumptive) 287 278 307 27 33 38 137 142 142 43 39 33 494 491 520
Municipal and Industrial (M&I) Population [thousands] 53 61 67 27 28 29 42 42 41 260 450 619 382 581 755 3

M&I Per Capita Use (Diversion) [gpcd] 308 265 220 337 315 284 250 229 201 284 240 223 287 246 224 4
Consumptive factor [%] 73% 73% 73% 56% 56% 56% 69% 69% 69% 44% 44% 44% 52% 50% 48%

M&I Demand (Consumptive) 13 13 12 6 6 5 8 7 6 36 53 68 64 79 91
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 13 13 12 6 6 5 8 7 6 36 53 68 64 79 91
Energy Demand (Consumptive) 0 0 8 2 2 2 45 50 49 0 0 0 47 53 60 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 170 241 259 0 0 0 0 0 0 0 0 0 170 241 259 9

Total Hydrologic Basin Demand (Consumptive) 471 533 586 35 41 45 189 199 197 79 92 101 0 0 0 775 865 930

Adjacent Areas
Agriculture Irrigated Acreage [thousands] 543 514 484 543 514 484 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.85 2.68 2.69 2.85 2.68 2.69 11
Consumptive factor [%] 50% 50% 50% 50% 50% 50%

Demand (Diversion) 1,547 1,376 1,302 1,547 1,376 1,302
Demand (Consumptive) 773 688 651 773 688 651

Municipal and Industrial (M&I) Population [thousands] 2,006 2,497 2,955 2,006 2,497 2,955 12
M&I Per Capita Use (Diversion) [gpcd] 323 303 285 323 303 285 13

Consumptive factor [%] 59% 59% 59% 59% 59% 59%
M&I Demand (Diversion) 726 848 945 726 848 945

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 14
Demand (Diversion) 726 848 945 726 848 945

Demand (Consumptive) 428 500 557 428 500 557
Energy Demand (Diversion) 0 0 0 0 0 0 15
Minerals Demand (Diversion) 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 2,273 2,224 2,246 2,273 2,224 2,246

Total Demand in the Study Area 471 533 586 35 41 45 189 199 197 79 92 101 2,273 2,224 2,246 3,048 3,089 3,176

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 79 35 27 2,058 2,021 2,065 2,137 2,056 2,092 19

Potential Colorado River Demand 471 533 586 35 41 45 189 199 197 0 57 74 215 203 181 911 1,033 1,084
Agricultural Colorado River Demand 287 278 307 27 33 38 137 142 142 0 0 0 6 6 5 457 458 492 20
Municipal and Industrial Colorado River Demand 13 13 12 6 6 5 8 7 6 0 57 74 209 197 177 236 280 274
Energy Colorado River Demand 0 0 8 2 2 2 45 50 49 0 0 0 0 0 0 47 53 60
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 170 241 259 0 0 0 0 0 0 0 0 0 0 0 0 170 241 259

Notes
Uintah Basin Southeast Colorado River West Colorado River Kanab Creek / Virgin River Wasatch Front STATE TOTAL
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Notes 
1) No changes from Current Projected. 
2) No changes from Current Projected per the regional trends matrix. 
3) A 25 percent population decrease from Current Projected by 2060 was estimated based on regional trends (per census data). 
4) No changes from Current Projected. 
5) No changes from Current Projected. 
6) No changes from Current Projected. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) CRSS DIT, 2011. Water users were delineated into UT basin planning areas based on location relative to CRSS nodes in DIT to obtain depletions. 

Demands based on Upper Colorado River Commission schedule dated 1/11/08.  
10) No changes from Current Projected. 
11) A 2 percent increase in 2035 and a 5 percent increase in 2060 from Current Projected was used per the regional trends matrix. 
12) A 25 percent population decrease from Current Projected by 2060 was estimated based on regional trends (per census data). 
13) No changes from Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Assume other sources are unchanged from Current Projected. 
20) For Kanab/Virgin, all potential Colorado River demand is M&I (Lake Powell pipeline). For Wasatch Front, all potential Colorado River demand is M&I, 

except for one agricultural export. M&I is computed as total export minus agricultural user schedule. 
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TABLE C4-4 
Total Demand within Study Area under Rapid Growth (C1) Scenario 

 

UTAH LEGEND: 999 Input Parameter 999 From Current Projected Data Sheet
Units are thousand acre-feet per year, unless otherwise noted 999 Computed

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agriculture Irrigated Acreage [thousands] 198 191 185 19 18 17 83 81 78 19 17 14 319 307 293 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.90 2.82 3.12 2.93 3.61 4.20 3.27 3.41 3.42 4.56 4.36 4.55 3.10 3.10 3.33 2
Consumptive Factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

Demand (Consumptive) 287 270 289 27 32 36 137 137 133 43 37 31 494 477 489
Municipal and Industrial (M&I) Population [thousands] 53 77 111 27 36 48 42 53 68 260 572 1,031 382 739 1,258 3

M&I Per Capita Use (Diversion) [gpcd] 308 265 220 337 315 284 250 229 201 284 240 223 287 246 224 4
Consumptive factor [%] 73% 73% 73% 56% 56% 56% 69% 69% 69% 44% 44% 44% 52% 50% 48%

M&I Demand (Consumptive) 13 17 20 6 7 9 8 9 11 36 68 113 64 101 152
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 13 17 20 6 7 9 8 9 11 36 68 113 64 101 152
Energy Demand (Consumptive) 0 0 9 2 2 2 45 53 54 0 0 0 47 55 66 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 259 259 259 13 40 78 0 0 0 0 0 0 272 299 337 9

Total Hydrologic Basin Demand (Consumptive) 560 546 577 48 82 125 189 199 198 79 105 144 0 0 0 877 932 1,044

Adjacent Areas
Agriculture Irrigated Acreage [thousands] 543 499 455 543 499 455 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.85 2.62 2.56 2.85 2.62 2.56 11
Consumptive factor [%] 50% 50% 50% 50% 50% 50%

Demand (Diversion) 1,547 1,309 1,165 1,547 1,309 1,165
Demand (Consumptive) 773 654 583 773 654 583

Municipal and Industrial (M&I) Population [thousands] 2,006 3,178 4,926 2,006 3,178 4,926 12
M&I Per Capita Use (Diversion) [gpcd] 323 303 285 323 303 285 13

Consumptive factor [%] 59% 59% 59% 59% 59% 59%
M&I Demand (Diversion) 726 1,079 1,575 726 1,079 1,575

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 14
Demand (Diversion) 726 1,079 1,575 726 1,079 1,575

Demand (Consumptive) 428 637 929 428 637 929
Energy Demand (Diversion) 0 0 0 0 0 0 15
Minerals Demand (Diversion) 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 2,273 2,388 2,740 2,273 2,388 2,740

Total Demand in the Study Area 560 546 577 48 82 125 189 199 198 79 105 144 2,273 2,388 2,740 3,149 3,319 3,784

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 79 48 70 2,058 2,130 2,436 2,137 2,178 2,506 19

Potential Colorado River Demand 560 546 577 48 82 125 189 199 198 0 57 74 215 258 304 1,012 1,141 1,277
Agricultural Colorado River Demand 287 270 289 27 32 36 137 137 133 0 0 0 6 7 8 457 446 466 20
Municipal and Industrial Colorado River Demand 13 17 20 6 7 9 8 9 11 0 57 74 209 250 296 236 341 409
Energy Colorado River Demand 0 0 9 2 2 2 45 53 54 0 0 0 0 0 0 47 55 66
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 259 259 259 13 40 78 0 0 0 0 0 0 0 0 0 272 299 337

Notes
Uintah Basin Southeast Colorado River West Colorado River Kanab Creek / Virgin River Wasatch Front STATE TOTAL
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Notes 
 1) Estimates are within regional trends range, but less than twice the passive, Current Projected, rate. 

2) No changes from Current Projected. 
3) A 25 percent population increase from Current Projected by 2060 was estimated based on regional trends (per census data). 
4) No changes from Current Projected. 
5) No changes from Current Projected. 
6) Assume 10 percent increase relative to Current Projected by 2060. Increased demand is not offset by new technology. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) Uintah: No changes from Current Projected; Southeast Colorado: personal communication, Navajo Nation, Apr. 16, 2012. 

10) Estimates are within regional trends range, but less than twice the passive, Current Projected, rate. 
11) No changes from Current Projected. 
12) A 25 percent population increase from Current Projected by 2060 was estimated based on regional trends (per census data). 
13) No changes from Current Projected. 
14) No changes from Current Projected. 
15) Assume 10 percent increased demand from Current Projected by 2060 is not offset by new technology. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Assume other sources are unchanged from Current Projected. 
20) For Kanab/Virgin, all potential Colorado River demand is M&I (Lake Powell pipeline). For Wasatch Front, all potential Colorado River demand is M&I, 

except for one agricultural export. M&I is computed as total export minus agricultural user schedule. 
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TABLE C4-5 
Total Demand within Study Area under Rapid Growth (C2) Scenario 

 

UTAH LEGEND: 999 Input Parameter 999 From Current Projected Data Sheet
Units are thousand acre-feet per year, unless otherwise noted 999 Computed

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agriculture Irrigated Acreage [thousands] 198 191 185 19 18 17 83 81 78 19 17 14 319 307 293 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.90 2.76 2.97 2.93 3.54 3.99 3.27 3.34 3.25 4.56 4.27 4.33 3.10 3.04 3.16 2
Consumptive Factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

Demand (Consumptive) 287 264 274 27 31 34 137 135 127 43 37 29 494 467 464
Municipal and Industrial (M&I) Population [thousands] 53 77 111 27 36 48 42 53 68 260 572 1,031 382 739 1,258 3

M&I Per Capita Use (Diversion) [gpcd] 301 263 220 325 284 258 234 204 186 284 240 223 284 242 222 4
Consumptive factor [%] 73% 73% 73% 56% 56% 56% 69% 69% 69% 44% 44% 44% 52% 50% 48%

M&I Demand (Consumptive) 13 17 20 6 6 8 8 8 10 36 68 113 63 99 151
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 13 17 20 6 6 8 8 8 10 36 68 113 63 99 151
Energy Demand (Consumptive) 0 0 8 2 2 2 45 50 49 0 0 0 47 53 59 6a, 6b
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 259 259 259 13 40 78 0 0 0 0 0 0 272 299 337 9

Total Hydrologic Basin Demand (Consumptive) 559 540 561 48 80 122 189 193 185 79 104 143 0 0 0 876 918 1,011

Adjacent Areas
Agriculture Irrigated Acreage [thousands] 543 499 455 543 499 455 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.85 2.41 2.05 2.85 2.41 2.05 11
Consumptive factor [%] 50% 50% 50% 50% 50% 50%

Demand (Diversion) 1,547 1,204 932 1,547 1,204 932
Demand (Consumptive) 773 602 466 773 602 466

Municipal and Industrial (M&I) Population [thousands] 2,006 3,178 4,926 2,006 3,178 4,926 12
M&I Per Capita Use (Diversion) [gpcd] 311 273 247 311 273 247 13

Consumptive factor [%] 59% 59% 59% 59% 59% 59%
M&I Demand (Diversion) 699 972 1,364 699 972 1,364

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 14
Demand (Diversion) 699 972 1,364 699 972 1,364

Demand (Consumptive) 413 573 805 413 573 805
Energy Demand (Diversion) 0 0 0 0 0 0 15
Minerals Demand (Diversion) 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 2,246 2,176 2,296 2,246 2,176 2,296

Total Demand in the Study Area 559 540 561 48 80 122 189 193 185 79 104 143 2,246 2,176 2,296 3,121 3,094 3,307

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 79 47 69 2,031 1,930 2,016 2,110 1,977 2,085 19

Potential Colorado River Demand 559 540 561 48 80 122 189 193 185 0 57 74 215 246 280 1,011 1,116 1,222
Agricultural Colorado River Demand 287 264 274 27 31 34 137 135 127 0 0 0 6 7 7 457 437 442 20
Municipal and Industrial Colorado River Demand 13 17 20 6 6 8 8 8 10 0 57 74 209 239 273 235 328 384
Energy Colorado River Demand 0 0.2 8 2 2 2 45 50 49 0 0 0 0 0 0 47 53 59
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 259 259 259 13 40 78 0 0 0 0 0 0 0 0 0 272 299 337

Notes
Uintah Basin Southeast Colorado River West Colorado River Kanab Creek / Virgin River Wasatch Front STATE TOTAL
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Notes 
1) Estimates are within regional trends range, but less than twice the passive, Current Projected rate. 
2) Five percent decrease from Current Projected by 2060 based on regional trends matrix. 
3) A 25 percent population increase from Current Projected by 2060 was estimated based on regional trends (per census data). 
4) Assume 12.5 percent reduction in 2020 and 25 percent reduction by 2050 (relative to actual 2011 use) and stable trends after 2050. 
5) No changes from Current Projected. 

6a) Uintah Basin: Assume 10 percent decreased demand from Current Projected by 2060 due to new technology. 
6b) Assume increased demand from Current Projected is offset by new technology in the Southeast Colorado River and West Colorado River planning 

areas. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) Uintah: No changes from Current Projected; Southeast Colorado: personal communication, Navajo Nation, Apr. 16, 2012. 

10) Estimates are within regional trends range, but less than twice the passive, Current Projected rate. 
11) Twenty percent decrease from Current Projected by 2060 based on regional trends matrix. 
12) A 25 percent population increase from Current Projected by 2060 was estimated based on regional trends (per census data). 
13) Assume 12.5 percent reduction in 2020 and 25 percent reduction by 2050 (relative to actual 2011 use) and stable trends after 2050. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Assume other sources are unchanged from Current Projected. 
20) For Kanab/Virgin, all potential Colorado River demand is M&I (Lake Powell pipeline). For Wasatch Front, all potential Colorado River demand is M&I, 

except for one agricultural export. M&I is computed as total export minus agricultural user schedule. 
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TABLE C4-6 
Total Demand within Study Area under Enhanced Environment (D1) Scenario 

 

UTAH LEGEND: 999 Input Parameter 999 From Current Projected Data Sheet
Units are thousand acre-feet per year, unless otherwise noted 999 Computed

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agriculture Irrigated Acreage [thousands] 198 197 197 19 18 18 83 83 83 19 18 15 319 317 312 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.90 2.82 3.12 2.93 3.61 4.20 3.27 3.41 3.42 4.56 4.36 4.55 3.10 3.10 3.33 2
Consumptive Factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

Demand (Consumptive) 287 278 307 27 33 38 137 142 142 43 39 33 494 491 520
Municipal and Industrial (M&I) Population [thousands] 53 69 89 27 32 38 42 48 55 260 511 825 382 660 1,007 3

M&I Per Capita Use (Diversion) [gpcd] 293 239 220 316 258 245 227 185 176 281 229 217 279 228 216 4
Consumptive factor [%] 73% 73% 73% 56% 56% 56% 69% 69% 69% 44% 44% 44% 51% 49% 48%

M&I Demand (Consumptive) 13 14 16 5 5 6 7 7 7 36 58 88 61 83 118
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 13 14 16 5 5 6 7 7 7 36 58 88 61 83 118
Energy Demand (Consumptive) 0 0 8 2 2 2 45 47 44 0 0 0 47 50 54 6a, 6b
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 259 259 259 0 0 0 0 0 0 0 0 0 259 259 259 9

Total Hydrologic Basin Demand (Consumptive) 559 551 590 35 40 46 189 196 193 79 96 121 0 0 0 861 883 950

Adjacent Areas
Agriculture Irrigated Acreage [thousands] 543 514 484 543 514 484 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.85 2.62 2.56 2.85 2.62 2.56 11
Consumptive factor [%] 50% 50% 50% 50% 50% 50%

Demand (Diversion) 1,547 1,349 1,240 1,547 1,349 1,240
Demand (Consumptive) 773 675 620 773 675 620

Municipal and Industrial (M&I) Population [thousands] 2,006 2,837 3,941 2,006 2,837 3,941 12
M&I Per Capita Use (Diversion) [gpcd] 303 247 235 303 247 235 13

Consumptive factor [%] 59% 59% 59% 59% 59% 59%
M&I Demand (Diversion) 681 785 1,037 681 785 1,037

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 14
Demand (Diversion) 681 785 1,037 681 785 1,037

Demand (Consumptive) 402 463 612 402 463 612
Energy Demand (Diversion) 0 0 0 0 0 0 15
Minerals Demand (Diversion) 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 2,228 2,134 2,276 2,228 2,134 2,276

Total Demand in the Study Area 559 551 590 35 40 46 189 196 193 79 96 121 2,228 2,134 2,276 3,089 3,017 3,226

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 79 39 47 2,013 1,919 2,070 2,092 1,958 2 19

Potential Colorado River Demand 559 551 590 35 40 46 189 196 193 0 57 74 215 215 206 997 1,059 1,109
Agricultural Colorado River Demand 287 278 307 27 33 38 137 142 142 0 0 0 6 6 5 457 459 492 20
Municipal and Industrial Colorado River Demand 13 14 16 5 5 6 7 7 7 0 57 74 209 209 201 234 292 304
Energy Colorado River Demand 0 0.2 8 2 2 2 45 47 44 0 0 0 0 0 0 47 50 54
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 259 259 259 0 0 0 0 0 0 0 0 0 0 0 0 259 259 259

Notes
Uintah Basin Southeast Colorado River West Colorado River Kanab Creek / Virgin River Wasatch Front STATE TOTAL
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Notes 
 1) No changes from Current Projected. 

2) No changes from Current Projected. 
3) No changes from Current Projected. 
4) Assume 16 percent reduction in 2020 and 25 percent reduction by 2035 (relative to actual 2011 use) and two percent reduction per decade after 2035.  
5) No changes from Current Projected. 

6a) Uintah Basin: Assume 10 percent decreased demand from Current Projected by 2060 due to new technology. 
6b) Assume increased demand from Current Projected is offset by new technology in the Southeast Colorado River and West Colorado River planning 

areas. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) Twenty percent decrease from Current Projected by 2060 based on regional trends matrix. 
12) No changes from Current Projected. 
13) Assume 16 percent reduction in 2020 and 25 percent reduction by 2035 (relative to actual 2011 use) and 2 percent reduction per decade after 2035.  
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Assume other sources are unchanged from Current Projected. 
20) For Kanab/Virgin, all potential Colorado River demand is M&I (Lake Powell pipeline). For Wasatch Front, all potential Colorado River demand is M&I, 

except for one agricultural export. M&I is computed as total export minus agricultural user schedule. 
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TABLE C4-7 
Total Demand within Study Area under Enhanced Environment (D2) Scenario 

 

UTAH LEGEND: 999 Input Parameter 999 From Current Projected Data Sheet
Units are thousand acre-feet per year, unless otherwise noted 999 Computed

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agriculture Irrigated Acreage [thousands] 198 197 197 19 18 18 83 83 83 19 18 15 319 317 312 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.90 2.76 2.97 2.93 3.54 3.99 3.27 3.34 3.25 4.56 4.27 4.33 3.10 3.04 3.16 2
Consumptive Factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

Demand (Consumptive) 287 273 292 27 32 36 137 139 135 43 38 31 494 482 494
Municipal and Industrial (M&I) Population [thousands] 53 77 111 27 36 48 42 53 68 260 572 1,031 382 739 1,258 3

M&I Per Capita Use (Diversion) [gpcd] 293 239 220 316 258 238 227 185 171 281 229 212 279 228 211 4
Consumptive factor [%] 73% 73% 73% 56% 56% 56% 69% 69% 69% 44% 44% 44% 51% 49% 48%

M&I Demand (Consumptive) 13 15 20 5 6 7 7 8 9 36 65 108 61 93 144
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 13 15 20 5 6 7 7 8 9 36 65 108 61 93 144
Energy Demand (Consumptive) 0 0.2 8 2 2 2 45 50 49 0 0 0 47 53 59 6a, 6b
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8
Tribal Demand (Consumptive) 259 259 259 13 40 78 0 0 0 0 0 0 272 299 337 9

0
Total Hydrologic Basin Demand (Consumptive) 559 547 578 48 80 124 189 197 193 79 102 139 0 0 0 875 926 1,034

Adjacent Areas
Agriculture Irrigated Acreage [thousands] 543 514 484 543 514 484 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.85 2.41 2.05 2.85 2.41 2.05 11
Consumptive factor [%] 50% 50% 50% 50% 50% 50%

Demand (Diversion) 1,547 1,241 992 1,547 1,241 992
Demand (Consumptive) 773 621 496 773 621 496

Municipal and Industrial (M&I) Population [thousands] 2,006 3,178 4,926 2,006 3,178 4,926 12
M&I Per Capita Use (Diversion) [gpcd] 303 247 229 303 247 229 13

Consumptive factor [%] 59% 59% 59% 59% 59% 59%
M&I Demand (Diversion) 681 879 1,261 681 879 1,261

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 14
Demand (Diversion) 681 879 1,261 681 879 1,261

Demand (Consumptive) 402 519 744 402 519 744
Energy Demand (Diversion) 0 0 0 0 0 0 15
Minerals Demand (Diversion) 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 2,228 2,120 2,253 2,228 2,120 2,253

Total Demand in the Study Area 559 547 578 48 80 124 189 197 193 79 102 139 2,228 2,120 2,253 3,102 3,047 3,287

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 79 45 65 2,013 1,890 2,010 2,092 1,936 2,075 19

Potential Colorado River Demand 559 547 578 48 80 124 189 197 193 0 57 74 215 230 243 1,010 1,111 1,212
Agricultural Colorado River Demand 287 273 292 27 32 36 137 139 135 0 0 0 6 6 6 457 450 469 20
Municipal and Industrial Colorado River Demand 13 15 20 5 6 7 7 8 9 0 57 74 209 224 237 234 310 347
Energy Colorado River Demand 0 0.2 8 2 2 2 45 50 49 0 0 0 0 0 0 47 53 59
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tribal Colorado River Demand 259 259 259 13 40 78 0 0 0 0 0 0 0 0 0 272 299 337

Notes
Uintah Basin Southeast Colorado River West Colorado River Kanab Creek / Virgin River Wasatch Front STATE TOTAL
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Notes 
1) No changes from Current Projected. 
2) Five percent decrease from Current Projected by 2060 based on regional trends matrix. 
3) A 25 percent population increase from Current Projected by 2060 was estimated based on regional trends (per census data). 
4) Assume 16 percent reduction in 2020 and 25 percent reduction by 2035 (relative to actual 2011 use) and 3 percent reduction per decade after 2035.  
5) No changes from Current Projected. 

6a) Uintah Basin: Assume 10 percent decreased demand from Current Projected by 2060 due to new technology. 
6b) Assume increased demand from Current Projected is offset by new technology in the Southeast Colorado River and West Colorado River planning 

areas. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) Uintah: No changes from Current Projected; Southeast Colorado: personal communication, Navajo Nation, Apr. 16, 2012. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 
12) A 25 percent population increase from Current Projected by 2060 was estimated based on regional trends (per census data). 
13) Assume 16 percent reduction in 2020 and 25 percent reduction by 2035 (relative to actual 2011 use) and 3 percent reduction per decade after 2035. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Assume other sources are unchanged from Current Projected. 
20) For Kanab/Virgin, all potential Colorado River demand is M&I (Lake Powell pipeline). For Wasatch Front, all potential Colorado River demand is M&I, 

except for one agricultural export. M&I is computed as total export minus agricultural user schedule. 
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Appendix C5 — Wyoming Water Demand 
Scenario Quantification 

1.0 Introduction 
This appendix summarizes the data sources used in scenario quantification for Colorado River 
demand1 for the state of Wyoming and presents the results of quantification. As presented in 
figure C5-1, Wyoming is divided into a number of planning areas that align with Colorado River 
Basin (Basin) tributaries (Green River above Fontenelle, Fontenelle to Green River, Green River 
to Greendale, and Little Snake) as well as adjacent areas that are served by Colorado River 
water. Data collection and development were completed at the planning area level. 

The following sections present background information that summarizes the state’s planning 
areas as well as data sources used to quantify demand scenarios by category. Following the 
background section, results of demand scenario quantification are presented. The results section 
is broken out into a Wyoming Study Area summary, followed by Colorado River demand by 
geography, and finally by category.  

2.0 Background 
The Wyoming State Engineer’s Office has primary responsibility for water resource planning in 
the state of Wyoming. Additionally, in 1979 the Wyoming legislature created the Wyoming 
Water Development Commission, which functions to develop the state’s water resources 
(including production of studies and water development projects that are funded during each 
legislative session). As directed by the legislature, the Commission has led numerous water 
resource planning studies. Information presented in this summary was largely obtained from 
Wyoming’s planning studies.  

The State Engineer’s Office coordinated Wyoming’s efforts to provide information for scenario 
quantification. These efforts largely relied on information previously generated through regional 
plans and demographic studies. However, new assumptions and/or data development were 
required where the assumptions of the Colorado River Basin Water Supply and Demand Study 
(Study) required information not developed as part of the regional planning effort. Information 
presented in this summary was obtained through consultation with the Wyoming State 
Engineer’s Office personnel.  

2.1 Data Sources for Quantification 

This section discusses data sources for demand quantification by use category. Some category 
projections were based on relevant parameter data, while other category projections were 
developed directly as water demand. Sources include state, regional, and national agency reports. 

 
                                                      
1 Colorado River demand as computed by Study Area demand minus other supplies. 
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FIGURE C5-1 
Colorado River Hydrologic Basin and Export Service Areas in Wyoming 
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• Agricultural Demand: Irrigated acreage and agricultural demands were derived from the 
Green River Basin Water Planning Process (States West Water Resources Corporation, 
2001) and Wyoming Framework Plan (WWC Engineering, 2007). Agricultural applied 
water use and consumptive factors were calculated.  

• Municipal and Industrial (M&I): Population estimates were derived from table 2 of the 
Green River Basin Plan (WWC Engineering, 2010) and from data obtained from the 
Wyoming Department of Administration and Information.  

• For the hydrologic basin, total consumptive demands were derived from the Green River 
Basin Water Planning Process (States West Water Resources Corporation, 2001). Per 
capita usage was calculated based on demand, population, and a consumptive use factor 
of 50 percent (Wyoming State Engineer’s Office, 2011).  

• For the North Platte, M&I per capita use was derived from Cheyenne population and 
demand in 2010. M&I per capita use was applied to population to get diversion demands, 
and a consumptive use factor of 50 percent (Wyoming State Engineer’s Office, 2011) 
was used to derive consumptive demands.  

• Energy: Energy demands were derived from the Green River Basin Water Planning 
Process (States West Water Resources Corporation, 2001). 

• Minerals: Minerals demands were derived from the Green River Basin Water Planning 
Process (States West Water Resources Corporation, 2001).  

• Fish, Wildlife, and Recreation: Fish, wildlife, and recreation demands were derived 
from the Green River Basin Water Planning Process (States West Water Resources 
Corporation, 2001).  

• Tribal: In Wyoming, there are no federally recognized tribes with rights to Colorado 
River water.  

3.0 Results of Water Demand Scenario Quantification 
This section summarizes Wyoming’s Colorado River water demand trends by category across 
the initial scenarios. The purpose of this section is to describe changes in demands, both 
temporally and geographically, parameters that influence changes in demands, and how the 
parameters and demands differ amongst scenarios.  

Demands were first developed for areas that may be potentially served by Colorado River water 
(Study Area demands), independent of the source of supply. However, for areas outside of the 
hydrologic basin, a portion of the Study Area demand is satisfied from other supplies. The 
communities within the Colorado River Basin also rely on non-tributary groundwater for a 
portion of their supply. To develop estimates of the Colorado River demand, the Study Area 
demand was reduced by estimates of available supply from other sources. This appendix focuses 
on Colorado River demands, but includes discussion of the Study Area parameters that led to 
these demands. 

The following sections summarize the results of demand scenario quantification, presenting 
Study Area demand and Colorado River water demand, Colorado River Demand for the state and 
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individual planning areas across the six scenarios, and Colorado River water demand by category 
across the six scenarios. Parameters and demands for all categories and all scenarios, along with 
references for data sources, are included. 

3.1 Summary Results of Scenario Quantification 

Values were developed for parameters to quantify Study Area demand for each of the scenarios. 
Colorado River demand was calculated as Study Area demand minus other supplies. Table C5-1 
presents summary results for the demand scenarios considered in this Study. The table presents 
agricultural and M&I demand parameters for the entire Study Area that distinguish the scenarios, 
the resulting Study Area demands, and finally the Colorado River demands by category. Because 
other supplies may vary among scenarios, trends observed in the parameters and Study Area 
demands may not be reflected identically in Colorado River demand trends.  

Wyoming estimates that about 310,000 people will be in Wyoming’s Study Area by 2015. This 
number is expected to increase to 370,000 to 440,000 by 2060. The greatest population growth is 
associated with the Rapid Growth (C1 and C2) scenarios. The Slow Growth (B) scenario has the 
lowest population of the scenarios in 2060 (370,000 people), but still represents a growth of about 
20 percent over 2015 estimates.  

The growing municipal population is forecast to be slightly less efficient in its per capita water 
use than today in all scenarios except Enhanced Environment (D1) scenario, in which per capita 
water use is expected to be 22 percent less in 2060 than in 2015. Per capita water use for the other 
Current Projected (A), Slow Growth (B), Rapid Growth (C1 and C2), and Enhanced Environment 
(D2) scenarios is expected to be 1 to 4 percent more in 2060 than in 2015. While usage rates vary 
across Wyoming’s planning areas, per capita changes are assumed to be consistent across the 
hydrologic basin planning areas.  

Irrigated acreage is projected to remain relatively constant (less than 1 percent decrease to 
3 percent increase) through 2060 under all scenarios. Water delivery per acre also remains 
relatively constant through 2060, with a 2 percent decrease in the Rapid Growth (C2) scenario 
and a range of no change to 3 percent increase in the other scenarios. 

Study Area demand for energy is projected to increase under all scenarios due to the growing 
need for electricity generation (coal and solar). The greatest increases in Study Area demand for 
energy are anticipated in the Fontenelle to Green River and Green River to Greendale areas, with 
combined increase of about 8,000 acre-feet per year (afy) (Rapid Growth [C2] and Enhanced 
Environment [D1 and D2] scenarios) to 105,000 afy (Rapid Growth [C1] scenario). 

Study Area demand for minerals is also projected to increase under all scenarios. Growth in 
minerals demand is entirely in the Fontenelle to Green River planning area, with a range of 
growth between 14,000 afy (Rapid Growth [C2] and Enhanced Environment [D1 and D2] 
scenarios) to 57,000 afy (Rapid Growth [C1] scenario). Growth primarily reflects increases in 
soda ash production. 

There are no projected Study Area demands for tribal use in any of the scenarios examined.  

Figure C5-2 presents demands across the scenarios in three panels as follows: 1) Study Area 
demand with other supplies and Colorado River demand identified, 2) Colorado River demand, and 
3) change in Colorado River demand by demand category.  
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TABLE C5-1  
Summary Results of Wyoming Water Demand Scenario Quantification by 2060 

Key Study Area Demand Scenario Parameters 

 20151  
2060 Scenario Parameters 

A B C1 C2 D1 D2 
Population (millions) 0.31 0.41 0.37 0.44 0.44 0.41 0.44 

Change in per capita water usage (%), 
from 2015 — +3% +1% +4% +3% –22% +3% 

Irrigated acreage (millions of acres) 0.95 0.94 0.94 0.97 0.97 0.94 0.94 

Change in per acre water delivery (%), 
from 2015 — +1% +3% –0% –2% +1% +1% 

Study Area Demand (thousand acre-feet [kaf]) 

 20151  
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 1,951 1,959 1,976 1,976 1,959 1,959 1,959 

M&I demand 74 95 89 100 100 73 100 

Energy demand 42–52 65 65 171 50 50 50 

Minerals demand 20–34 59 59 91 33 33 33 

FWR demand 2 10 10 10 25 25 25 

Tribal demand 0 0 0 0 0 0 0 

Total Study Area Demand2 2,109 2,188 2,198 2,348 2,167 2,141 2,167 

Colorado River Demand (kaf) 

 20151  
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 398 406 423 423 406 406 406 

M&I demand 30 67 36 74 73 61 73 

Energy demand 42–52 65 65 171 50 50 50 

Minerals demand 20–34 59 59 91 33 33 33 

FWR demand 2 10 10 10 25 25 25 

Tribal demand 0 0 0 0 0 0 0 

Total Colorado River Demand2 511 606 592 769 588 576 588 
1 If range across scenarios is less than 10 percent, Current Projected (A) is presented. Otherwise, range (min – max) is 

presented. 
2 Excludes potential losses (reservoir evaporation, phreatophytes, and/or operational inefficiencies) that may be charged to 

state. 
 
 

From panel one it can be seen that Study Area demand increases from about 2.11 million acre-
feet (maf) in 2015 to between 2.14 and 2.35 maf in 2060. The range in Study Area demand 
growth across scenarios in 2060; however, is projected to be as low as 52 kaf or as high as 233 
kaf. About 70 to 75 percent of the Study Area demand is expected to be met by other supplies. 



Colorado River Basin  
Water Supply and Demand Study 

C5-6 December 2012 

FIGURE C5-2 
Study Area, Colorado River, and Change in Colorado River Demand  
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Panel two provides a view of the range across scenarios of Colorado River demand. This demand 
increases from 511 kaf in 2015 to between 576 and 769 kaf in 2060 (or 15 to 50 percent), 
depending on the scenario. This difference results in a Colorado River demand range of 193 kaf 
across the scenarios in 2060 or about 34 percent.  

Panel three shows how specific categories affect the projected change in Colorado River demand 
by scenario. Growth in Colorado River demand is influenced relatively proportionally by all 
categories of demand. The greatest growth, under the Rapid Growth (C1) scenario, is influenced 
strongly by growth in Energy and Minerals demand.  

Figure C5-3 ties historical water use to the range of Colorado River demand in the quantified 
scenarios. The 193 kaf range across scenarios in 2060 is easily discernible, with the greatest 
demand under Rapid Growth (C1) scenario and a narrower range of demand across the other 
scenarios. In addition, it appears that the quantified scenarios track well with the peaks in 
historical uses that likely represent the least supply-limited conditions or actual demand.  

 

FIGURE C5-3 
Historical Use and Future Projected Demand Excluding Reservoir Evaporation1 

 
1Reservoir evaporation on the order of 115 kaf is not included in this plot.  
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3.2 Colorado River Water Demand by Geography  

Colorado River water demand for areas served by the Colorado River is presented in figures 
C5-4 and C5-5. These figures show two geographic levels: Study Area in Wyoming, and 
individual planning areas. Demands at each geographic level are shown across the scenarios. The 
columns to the right show the Colorado River demand at a point in time (2015, 2035, or 2060) by 
relative contribution of the categories.  
When demands by category are examined in figure C5-5, the mix of demand categories in the 
hydrologic basin and adjacent areas are different, with agricultural demand dominating the 
hydrologic basin and M&I demand dominating the adjacent areas. 
Figure C5-6 shows the change in Colorado River demand by category from 2015 across the 
scenarios. The change in both magnitude and percentage change of Colorado River demand2 in 
Utah varies considerably across the planning area. The Fontenelle to Green River planning area 
shows relatively large changes, primarily due to growth in minerals and energy demands. The 
North Platte also shows relatively significant changes, primarily due to growth in M&I demands.  

3.3 Colorado River Demand by Category 

3.3.1 Agricultural 

Agricultural water demand is driven by irrigated acreage and water delivery per acre. Water 
delivery per acre is the amount of water diverted per irrigated acre. Components of this use 
include transmission and delivery losses (surface evaporation, riparian demand, and seepage), 
and on-farm losses that are made up of evaporation, crop irrigation requirement, and tail water 
(return). Each of these factors will vary by location (precipitation, growing season, etc.), 
irrigation method, and crop type.  

Figure C5-7 presents the following by scenario in 2015, 2035, and 2060:  

• Change in agricultural demand for Colorado River water 

• Change in agricultural demand for Colorado River water by planning area 

• Agricultural demand as a portion of Colorado River water demand (right hand side 
of graph) 

As can be seen from figure C5-7, agricultural water demand is the largest component of 
Colorado River demand in Wyoming, dropping from about 80 percent in 2015 to between 55 and 
71 percent of Colorado River demand in 2060, depending on which scenario is considered. This 
drop results from other categories of demand increasing at a faster rate than agriculture; 
agricultural demand increases across all scenarios.  

                                                      
2 Potential Colorado River demand is based on changes in parameters, such as population, and for the purpose of the study is not 
   limited by apportionment.  
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FIGURE C5-4 
Colorado River Demand in Wyoming 
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FIGURE C5-5 
Colorado River Demand by Category 
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FIGURE C5-6 
Change in Colorado River Demand in Wyoming from 2015 by Category 
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FIGURE C5-7 
Change in Colorado River Demand in Wyoming from 2015 for Agriculture 
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Agricultural demand consistently increases through time across all scenarios. The increase 
in agricultural demand is driven by both a change in irrigated acres and change in water delivery 
per acre. For Current Projected (A), Slow Growth (B), and Enhanced Environment (D1 and D2) 
scenarios, irrigated acreage decreases slightly (less than 1 percent), but that slight decrease is 
offset by an increase in applied water use. For the Rapid Growth (C1 and C2) scenarios, irrigated 
acreage is forecast to increase at a faster rate than a decrease in water delivery per acre.  
In examining the planning areas, the increase in agricultural demand is focused primarily in the 
Green River above Fontenelle and Green River to Greendale planning areas.  

 

3.3.2 Municipal and Industrial 
M&I water demand can be estimated from population and M&I per capita water use. M&I per 
capita water use is a measure of the amount of water produced or diverted per person in a given 
municipality. Because this measure examines all water produced by a given municipality, it often 
includes industrial, commercial, and institutional demand as well as residential demand. A 
number of factors may influence the M&I per capita water use of a given community including 
the amount of industrial demand, climate, number of institutional facilities, and number of 
visitors.  

Figure C5-8 presents the following by scenario in 2015, 2035, and 2060:  

• Change in M&I demand for Colorado River water in the Study Area 

• Change in M&I demand for Colorado River water in individual planning areas 

• M&I demand as a portion of Colorado River water demand (right hand side of graph) 

As can be seen from figure C5-8, M&I water demand increases from 6 percent in 2015 
to between 6 and 12 percent of Colorado River demand in 2060, depending on which scenario 
is considered. 

Colorado River demand for M&I use increases over time from 2015 to 2060 across all scenarios. 
The increase is primarily due to population increase (20 to 38 percent increase depending on the 
scenario), with a slight additional influence of changing per capita M&I water use (1 to 4 percent 
increase, depending on the Current Projected [A], Slow Growth [B], Rapid Growth [C1 and C2], 
and Enhanced Environment [D2] scenarios; 22 percent decrease in the Enhanced Environment 
[D1] scenario).  

In examining the planning areas, the majority of the increase in M&I demand for Colorado River 
water from 2015 to 2060 over time is due to population increase in the North Platte planning 
area. The three planning areas along the Green River also show increases in M&I demand.  
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FIGURE C5-8 
Change in Colorado River Demand in Wyoming from 2015 for M&I 
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3.3.3 Energy 
Water demand for energy can be estimated through known plans for new power plants or 
through applying a per capita energy water use factor. Power facilities often serve areas remote 
from their locations and therefore potentially represent exports or imports of water from the 
Study Area to meet these distributed needs.  

Figure C5-9 presents the following by scenario in 2015, 2035, and 2060:  

• Change in energy demand for Colorado River water 

• Change in energy demand for Colorado River water in individual planning areas 

• Energy demand as a portion of Colorado River water demand (right hand side of graph) 

As can be seen from figure C5-9, energy water demand increases from 9 percent of Colorado 
River demand in 2015 to between 9 and 22 percent of Colorado River demand in 2060, 
depending on which scenario is considered.  

Energy demand for Colorado River water increases over time from 2015 to 2060 across all 
scenarios. The most notable increase occurs in the Rapid Growth (C1) scenario, where energy 
demand is projected to increase by nearly 120 kaf due to an increase in electricity production. 
The other scenarios show an increase in energy demand of about 8 to 13 kaf.  

Increase in energy demand is focused primarily in the Fontenelle to Green River planning area, 
in which it increases across all scenarios. Some additional increase is forecast in some scenarios 
in the Green River to Greendale and Little Snake River planning areas. 

3.3.4 Minerals Extraction 
Water demand for mineral production can be estimated through existing uses and known plans 
for extraction in the Study Area. Water demand for mineral production can vary significantly 
based on market prices for a given product.  

Figure C5-10 presents the following by scenario in 2015, 2035, and 2060:  

• Change in mineral production demand for Colorado River water 

• Change in individual planning area mineral production demand for Colorado River water 

• Minerals demand as a portion of Colorado River demand (right hand side of graph) 

As can be seen from figure C5-10, minerals water demand is a relatively small fraction of 
Colorado River demand, increasing from 4 to 7 percent in 2015, to between 6 and 12 percent of 
Colorado River demand in 2060, depending on which scenario is considered. 

Minerals demand for Colorado River water increases over time from 2015 to 2060 across all 
scenarios.  

Demand for Colorado River water for minerals production is only found in the Fontenelle to 
Green River Planning Area. Increase in minerals demand ranges from about 14 kaf (Rapid 
Growth [C2] and Enhanced Environment [D1 and D2] scenarios) to about 57 kaf (Rapid Growth 
[C1] scenario), with Current Projected (A) and Slow Growth (B) scenarios showing an increase 
of about 30 kaf.  
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FIGURE C5-9 
Change in Colorado River Demand in Wyoming from 2015 for Energy 
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FIGURE C5-10 
Change in Colorado River Demand in Wyoming from 2015 for Minerals 
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3.3.5 Fish, Wildlife, and Recreation 
Water demand for fish, wildlife, and recreation is estimated from existing agreements or known 
consumptive use associated with this demand category. Non-consumptive demands associated 
with fish, wildlife and recreation, including in-stream flow requirements, are represented through 
the metrics portion of the Study presented in Technical Report D – System Reliability Metrics.  

Figure C5-11 presents the following by scenario in 2015, 2035, and 2060:  

• Change in fish, wildlife, and recreation demand for Colorado River water 

• Change in fish, wildlife, and recreation demand for Colorado River water in individual 
planning areas 

• Fish, wildlife, and recreation demand as a portion of Colorado River demand (right hand 
side of graph) 

As can be seen from figure C5-11, fish, wildlife, and recreation water demand is a small fraction 
of Colorado River demand, increasing from less than 1 percent in 2015 to between 1 and 4 
percent of Colorado River demand in 2060 across all scenarios. 

Total increase in fish, wildlife, and recreation demand ranges from about 8 kaf (Current 
Projected [A], Slow Growth [B], and Rapid Growth [C1] scenarios) to about 23 kaf (Rapid 
Growth [C2] and Enhanced Environment [D1 and D2] scenarios). These increases are relatively 
evenly split between the four hydrologic basin planning areas, with the upper two Green River 
planning areas exhibiting slightly greater increases.  

3.3.6 Tribal 
In Wyoming, there are no federally recognized tribes with rights to Colorado River water.  

3.4 Summary Tables of Parameters and Demands by Category 

Tables C5-2 to C5-7 present the specific parameter data collected by planning area. Each table is 
a complete set of data for a given scenario. These data were used to develop Study Area demands 
and subsequently Colorado River demands once other supplies were considered. These tables 
provide the specific information used in the creation of the summary and category plots 
previously discussed and provide reference information for the data provided. 

4.0 References 
States West Water Resources Corporation. 2001. Green River Basin Water Planning Process. 

WWC Engineering. 2007. Wyoming Framework Plan. 

WWC Engineering. 2010. Green River Basin Plan. 

Wyoming State Engineer’s Office. 2011. Personal communication with Reclamation. 
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FIGURE C5-11 
Change in Colorado River Demand in Wyoming from 2015 for Fish, Wildlife, and Recreation 
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TABLE C5-2 
Total Demand within Study Area under Current Projected (A) Scenario 

 

WYOMING LEGEND: 999 From States 999 From State Plans
Units are thousand acre-feet per year, unless otherwise noted 999 Calculated 999 From Study Team

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agriculture Irrigated Acreage [thousands] 193 195 191 19 19 18 106 107 105 18 18 17 336 339 332 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 4.22 4.22 4.36 4.22 4.22 4.36 4.22 4.22 4.36 4.22 4.22 4.36 4.22 4.22 4.36 2
Consumptive Factor [%] 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 3

Demand (Consumptive) 229 231 234 22 22 23 126 127 128 21 22 21 398 402 406
Municipal and Industrial (M&I) Population [thousands] 10 18 28 43 48 52 17 20 24 1 1 0.8 71 87 105 4

M&I Per Capita Use (Diversion) [gpcd] 287 297 306 287 297 306 287 297 306 287 296 306 287 297 306 5
Consumptive factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 6

M&I Demand (Consumptive) 2 3 5 7 8 9 3 3 4 0.2 0.2 0.1 11 14 18 7
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

Demand (Consumptive) 2 3 5 7 8 9 3 3 4 0.2 0.2 0.1 11 14 18
Energy Demand (Consumptive) 0 0 0 38 50 50 15 15 15 0 0 0 52 65 65 9
Minerals Demand (Consumptive) 0 0 0 29 42 59 0 0 0 0 0 0 29 42 59 10
Fish, Wildlife, and Recreation Demand (Consumptive) 0.9 3 3 0.6 5 5 0.3 1.0 1.0 0.3 2 2 2 10 10 11
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12

Total Hydrologic Basin Demand (Consumptive) 232 237 241 96 127 145 143 146 148 22 24 23 0 0 0 493 534 558

Adjacent Areas
Agriculture Irrigated Acreage [thousands] 612 612 612 612 612 612 13

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.54 2.54 2.54 2.54 2.54 2.54
Consumptive factor [%] 43% 43% 43% 43% 43% 43%

Demand (Diversion) 1,553 1,553 1,553 1,553 1,553 1,553 14
Demand (Consumptive) 663 661 661 663 661 661 14

Municipal and Industrial (M&I) Population [thousands] 244 270 301 244 270 301 15
M&I Per Capita Use (Diversion)[gpcd] 229 229 229 229 229 229 16

Consumptive factor [%] 50% 50% 50% 50% 50% 50% 17
M&I Demand (Diversion) 63 69 77 63 69 77 18

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0
Demand (Diversion) 63 69 77 63 69 77

Demand (Consumptive) 31 35 39 31 35 39
Energy Demand (Diversion) 0 0 0 0 0 0
Minerals Demand (Diversion) 0 0 0 0 0 0
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0
Tribal Demand (Diversion) 0 0 0 0 0 0

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 1,616 1,622 1,630 1,616 1,622 1,630

Total Demand in the Study Area 232 237 241 96 127 145 143 146 148 22 24 23 1,616 1,622 1,630 2,109 2,156 2,188 19

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 1,598 1,590 1,582 1,598 1,590 1,582 20

Potential Colorado River Demand 232 237 241 96 127 145 143 146 148 22 24 23 18 32 49 511 566 606 21
Agricultural Colorado River Demand 229 231 234 22 22 23 126 127 128 21 22 21 0 0 0 398 402 406 22
Municipal and Industrial Colorado River Demand 2 3 5 7 8 9 3 3 4 0.2 0.2 0.1 18 32 49 30 47 67
Energy Colorado River Demand 0 0 0 38 50 50 15 15 15 0 0 0 0 0 0 52 65 65
Minerals Colorado River Demand 0 0 0 29 42 59 0 0 0 0 0 0 0 0 0 29 42 59
Fish, Wildlife, and Recreation Colorado River Demand 0.9 3 3 0.6 5 5 0.3 1.0 1.0 0.3 2 2 0 0 0 2 10 10
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Notes
Green River above Fontenelle Fontenelle to Green River Green River to Greendale Little Snake River North Platte STATE TOTAL
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Notes: 
1) Green River Basin Water Planning Process, 2001, Linear interpolation was used to project acreage in 2015. 
2) Calculated - represents average unit water supply-limited diversion required per acre. 
3) Calculated based on statewide diverted water use in 2011 of 4.22 acre-feet (af)/acre documented on pg. 5–7 of Wyoming Framework Plan, Volume 1. 

4) Hydrologic Basin: Green River Basin Plan, table 2. 
5) Calculated from total demand, consumptive use factor, and population. 
6) Wyoming State Engineer’s Office, personal communication 2011. 
7) Green River Basin Water Planning Process, 2001, Wyoming State Engineer’s Office, personal communication 2011, Linear interpolation used project 

demand for 2015. 

8) Green River Basin Water Planning Process, 2001, Wyoming State Engineer’s Office, personal communication 2011, Linear interpolation used project 
demand for 2015. 

9) Green River Basin Water Planning Process, 2001, Linear interpolation was used to project demand for 2015. 
10) Green River Basin Water Planning Process, 2001, Linear interpolation was used to project demand for 2015. 
11) Green River Basin Water Planning Process, 2001, Wyoming State Engineer’s Office, personal communication 2011, Linear interpolation used project 

demand for 2015. 

12) Green River Basin Water Planning Process, 2001, Linear interpolation was used to project demand for 2015. 
13) Wyoming Framework Water Plan, Volume I, October 2007. 
14) Wyoming Framework Water Plan, Volume I, October 2007 for 2015 and 2035, 2036 demands assumed steady through 2060. 
15) Wyoming Department of Administration and Information, Economic Analysis Division – WYOMING AND COUNTY POPULATION PROJECTIONS BY 

AGE: 2008 TO 2030, July, 2008, forecasts from 2009 of 2010 and 2030 data were used with 2010 census data to develop population.  2010 and 2030 
population were linearly interpolated to find population projections for 2035 and 2060. 

16) M&I water use efficiency was calculated from Cheyenne population and demand in 2010.  This value was then used for demand calculations from 
population estimates in future years. 

17) Wyoming State Engineer’s Office, personal communication 2011. 
18) Calculated from M&I efficiency, consumptive use factor, and population. 
19) Calculated from the sum of Hydrologic Basin (Consumptive) Demand and Adjacent Areas (Diversion) Demand. 
20) Calculated as the difference in Study Area demand and potential Colorado River demand. 
21) Green River Basin Water Planning Process, 2001, Wyoming State Engineer’s Office, personal communication 2011, Linear interpolation used project 

demand for 2015.  In 2011, 15,281 af represent represents Cheyenne's current contract and 2,920 af represents current agricultural contracts. In 2035 
and 2060, 22,700 afy represents Cheyenne's current contract and 2,920 af represents current agricultural contracts.  The remaining projected growth is 
9,390 af in 2035 and 25,000 af in 2060. 

22) For North Platte, all potential Colorado River demand is M&I.  
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TABLE C5-3 
Total Demand within Study Area under Slow Growth (B) Scenario 

 

WYOMING LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agriculture Irrigated Acreage [thousands] 193 195 191 19 19 18 106 107 105 18 18 17 336 339 332 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 4.24 4.24 4.40 4.24 4.29 4.50 4.24 4.45 4.81 4.24 4.21 4.44 4.24 4.31 4.53
Consumptive Factor [%] 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28%

Demand (Consumptive) 230 233 236 22 23 23 126 134 142 21 22 22 400 410 423 2
Municipal and Industrial (M&I) Population [thousands] 9 13 17 38 35 33 15 15 15 1.0 0.8 0.5 63 64 66 3

M&I Per Capita Use (Diversion) [gpcd] 287 297 306 287 297 306 287 297 306 287 296 306 287 297 306 4
Consumptive factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

M&I Demand (Consumptive) 1 2 3 6 6 6 2 2 3 0.2 0.1 0.09 10 11 11
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 1 2 3 6 6 6 2 2 3 0.2 0.1 0.09 10 11 11
Energy Demand (Consumptive) 0 0 0 38 50 50 15 15 15 0 0 0 52 65 65 6
Minerals Demand (Consumptive) 0 0 0 29 42 59 0 0 0 0 0 0 29 42 59 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0.9 3 3 0.6 5 5 0.3 1.0 1.0 0.3 2 2 2 10 10 8
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

Total Hydrologic Basin Demand (Consumptive) 233 237 242 96 125 142 143 152 160 22 23 24 0 0 0 494 538 568

Adjacent Areas
Agriculture Irrigated Acreage [thousands] 612 612 612 612 612 612 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.54 2.54 2.54 2.54 2.54 2.54
Consumptive factor [%] 43% 43% 43% 43% 43% 43%

Demand (Diversion) 1,553 1,553 1,553 1,553 1,553 1,553 11
Demand (Consumptive) 663 661 661 663 661 661

Municipal and Industrial (M&I) Population [thousands] 244 270 301 244 270 301 12
M&I Per Capita Use (Diversion)[gpcd] 229 229 229 229 229 229 13

Consumptive factor [%] 50% 50% 50% 50% 50% 50%
M&I Demand (Diversion) 63 69 77 63 69 77

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 14
Demand (Diversion) 63 69 77 63 69 77

Demand (Consumptive) 31 35 39 31 35 39
Energy Demand (Diversion) 0 0 0 0 0 0 15
Minerals Demand (Diversion) 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 1,616 1,622 1,630 1,616 1,622 1,630

Total Demand in the Study Area 233 237 242 96 125 142 143 152 160 22 23 24 1,616 1,622 1,630 2,109 2,160 2,198

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 1,598 1,601 1,606 1,598 1,601 1,606 19

Potential Colorado River Demand 233 237 242 96 125 142 143 152 160 22 23 24 18 21 25 512 559 592 20
Agricultural Colorado River Demand 230 233 236 22 23 23 126 134 142 21 22 22 0 0 0 400 410 423 21
Municipal and Industrial Colorado River Demand 1 2 3 6 6 6 2 2 3 0.2 0.1 0.09 18 21 25 28 32 36
Energy Colorado River Demand 0 0 0 38 50 50 15 15 15 0 0 0 0 0 0 52 65 65
Minerals Colorado River Demand 0 0 0 29 42 59 0 0 0 0 0 0 0 0 0 29 42 59
Fish, Wildlife, and Recreation Colorado River Demand 0.9 3 3 0.6 5 5 0.3 1.0 1.0 0.3 2 2 0 0 0 2 10 10
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Notes
Green River above Fontenelle Fontenelle to Green River Green River to Greendale Little Snake River North Platte STATE TOTAL



                                      Appendix C5 — Wyoming Water Demand 
                                                                   Scenario Quantification 

December 2012 C5-23 

Notes 
1) No changes from Current Projected. 
2) High Growth scenario from Green River Basin Plan, 2010.   
3) Population estimates from Low Growth scenario of the Green River Basin Plan, 2010.   
4) Moderate Growth scenario from Green River Basin Plan, 2010; gallons per capita per day (gpcd) computed with Moderate Growth 

population and M&I demand. 
5) No changes from Current Projected. 
6) No changes from Current Projected. 
7) Moderate Growth scenario from Green River Basin Plan, 2010; gpcd computed with Moderate Growth population and M&I demand. 
8) Moderate Growth scenario from Green River Basin Plan, 2010; gpcd computed with Moderate Growth population and M&I demand. 
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 
12) Population estimates from Low Growth scenario of the Green River Basin Plan, 2010.   
13) Moderate Growth scenario from Green River Basin Plan, 2010; gpcd computed with Moderate Growth population and M&I demand. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Low Growth scenario from Green River Basin Plan, 2010.   
20) Low Growth scenario exports to North Platte from Green River Basin Plan, 2010.   
21) For North Platte, all potential Colorado River demand is M&I.  
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TABLE C5-4 
Total Demand within Study Area under Rapid Growth (C1) Scenario 

 

WYOMING LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agriculture Irrigated Acreage [thousands] 193 198 203 19 19 20 106 114 121 18 18 19 336 349 363 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 4.24 4.18 4.15 4.24 4.18 4.15 4.24 4.18 4.15 4.24 4.18 4.15 4.24 4.18 4.15
Consumptive Factor [%] 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28%

Demand (Consumptive) 230 233 236 22 23 23 126 134 142 21 22 22 400 410 423 2
Municipal and Industrial (M&I) Population [thousands] 10 24 35 43 65 67 17 27 31 1 1 1 71 117 134 3

M&I Per Capita Use (Diversion) [gpcd] 287 297 306 287 297 306 287 297 306 287 296 306 287 297 306 4
Consumptive factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

M&I Demand (Consumptive) 2 4 6 7 11 12 3 5 5 0.2 0.2 0.2 11 19 23
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 2 4 6 7 11 12 3 5 5 0.2 0.2 0.2 11 19 23
Energy Demand (Consumptive) 0 0 0 38 74 115 15 29 43 0 0 14 52 103 171 6
Minerals Demand (Consumptive) 0 0 0 34 57 91 0 0 0 0 0 0 34 57 91 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0.9 3 3 0.6 5 5 0.3 1.0 1.0 0.3 2 2 2 10 10 8
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

Total Hydrologic Basin Demand (Consumptive) 233 239 245 102 169 245 144 168 190 22 24 38 0 0 0 500 599 718

Adjacent Areas
Agriculture Irrigated Acreage [thousands] 612 612 612 612 612 612 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.54 2.54 2.54 2.54 2.54 2.54
Consumptive factor [%] 43% 43% 43% 43% 43% 43%

Demand (Diversion) 1,553 1,553 1,553 1,553 1,553 1,553 11
Demand (Consumptive) 663 661 661 663 661 661

Municipal and Industrial (M&I) Population [thousands] 244 270 301 244 270 301 12
M&I Per Capita Use (Diversion)[gpcd] 229 229 229 229 229 229 13

Consumptive factor [%] 50% 50% 50% 50% 50% 50%
M&I Demand (Diversion) 63 69 77 63 69 77

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 14
Demand (Diversion) 63 69 77 63 69 77

Demand (Consumptive) 31 35 39 31 35 39
Energy Demand (Diversion) 0 0 0 0 0 0 15
Minerals Demand (Diversion) 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 1,616 1,622 1,630 1,616 1,622 1,630

Total Demand in the Study Area 233 239 245 102 169 245 144 168 190 22 24 38 1,616 1,622 1,630 2,116 2,222 2,348

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 1,598 1,585 1,580 1,598 1,585 1,580 19

Potential Colorado River Demand 233 239 245 102 169 245 144 168 190 22 24 38 18 37 51 518 637 769 20
Agricultural Colorado River Demand 230 233 236 22 23 23 126 134 142 21 22 22 0 0 0 400 410 423 21
Municipal and Industrial Colorado River Demand 2 4 6 7 11 12 3 5 5 0.2 0.2 0.2 18 37 51 30 57 74
Energy Colorado River Demand 0 0 0 38 74 115 15 29 43 0 0 14 0 0 0 52 103 171
Minerals Colorado River Demand 0 0 0 34 57 91 0 0 0 0 0 0 0 0 0 34 57 91
Fish, Wildlife, and Recreation Colorado River Demand 0.9 3 3 0.6 5 5 0.3 1.0 1.0 0.3 2 2 0 0 0 2 10 10
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Notes
Green River above Fontenelle Fontenelle to Green River Green River to Greendale Little Snake River North Platte STATE TOTAL
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Notes 
1) High Growth scenario from Green River Basin Plan, 2010.   
2) High Growth scenario from Green River Basin Plan, 2010.   
3) Population estimates from High Growth scenario of the Green River Basin Plan, 2010.   
4) Moderate Growth scenario from Green River Basin Plan, 2010; gpcd computed with Moderate Growth population and M&I demand. 
5) No changes from Current Projected. 
6) High Growth scenario from Green River Basin Plan, 2010.   
7) High Growth scenario from Green River Basin Plan, 2010.   
8) Moderate Growth scenario from Green River Basin Plan, 2010.   
9) No changes from Current Projected. 
10) No changes from Current Projected. 
11) No changes from Current Projected. 
12) Population estimates from High Growth scenario of the Green River Basin Plan, 2010.   
13) Moderate Growth scenario from Green River Basin Plan, 2010; gpcd computed with Moderate Growth population and M&I demand. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) High Growth scenario from Green River Basin Plan, 2010.   
20) High Growth scenario exports to North Platte from Green River Basin Plan, 2010.   
21) For North Platte, all potential Colorado River demand is M&I.  
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TABLE C5-5 
Total Demand within Study Area under Rapid Growth (C2) Scenario 

 

WYOMING LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agriculture Irrigated Acreage [thousands] 193 198 203 19 19 20 106 114 121 18 18 19 336 349 363 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 4.22 4.16 4.11 4.22 4.12 4.02 4.22 3.97 3.76 4.22 4.20 4.07 4.22 4.10 3.99
Consumptive Factor [%] 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28%

Demand (Consumptive) 229 231 234 22 22 23 126 127 128 21 22 21 398 402 406 2
Municipal and Industrial (M&I) Population [thousands] 10 24 35 43 65 67 17 27 31 1 1 1 71 117 134 3

M&I Per Capita Use (Diversion) [gpcd] 287 296 297 287 296 297 287 296 297 287 296 297 287 297 297 4
Consumptive factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

M&I Demand (Consumptive) 2 4 6 7 11 11 3 5 5 0.2 0.2 0.2 11 19 22
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 2 4 6 7 11 11 3 5 5 0.2 0.2 0.2 11 19 22
Energy Demand (Consumptive) 0 0 0 30 35 36 12 11 15 0 0 0 42 46 50 6
Minerals Demand (Consumptive) 0 0 0 20 25 33 0 0 0 0 0 0 20 25 33 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0.9 6 10 0.6 5 7 0.3 3 4 0.3 2 4 2 15 25 8
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

Total Hydrologic Basin Demand (Consumptive) 232 241 250 79 98 110 140 145 152 22 23 25 0 0 0 473 508 537

Adjacent Areas
Agriculture Irrigated Acreage [thousands] 612 612 612 612 612 612 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.54 2.54 2.54 2.54 2.54 2.54
Consumptive factor [%] 43% 43% 43% 43% 43% 43%

Demand (Diversion) 1,553 1,553 1,553 1,553 1,553 1,553 11
Demand (Consumptive) 663 661 661 663 661 661

Municipal and Industrial (M&I) Population [thousands] 244 270 301 244 270 301 12
M&I Per Capita Use (Diversion)[gpcd] 229 229 229 229 229 229 13

Consumptive factor [%] 50% 50% 50% 50% 50% 50%
M&I Demand (Diversion) 63 69 77 63 69 77

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 14
Demand (Diversion) 63 69 77 63 69 77

Demand (Consumptive) 31 35 39 31 35 39
Energy Demand (Diversion) 0 0 0 0 0 0 15
Minerals Demand (Diversion) 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 1,616 1,622 1,630 1,616 1,622 1,630

Total Demand in the Study Area 79 98 110 140 145 152 22 23 25 1,616 1,622 1,630 2,088 2,130 2,167 2,088 2,130 2,167

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 1,598 1,585 1,580 1,598 1,585 1,580 19

Potential Colorado River Demand 232 241 250 79 98 110 140 145 152 22 23 25 18 37 51 491 545 588 20
Agricultural Colorado River Demand 229 231 234 22 22 23 126 127 128 21 22 21 0 0 0 398 402 406 21
Municipal and Industrial Colorado River Demand 2 4 6 7 11 11 3 5 5 0.2 0.2 0.2 18 37 51 30 57 73
Energy Colorado River Demand 0 0 0 30 35 36 12 11 15 0 0 0 0 0 0 42 46 50
Minerals Colorado River Demand 0 0 0 20 25 33 0 0 0 0 0 0 0 0 0 20 25 33
Fish, Wildlife, and Recreation Colorado River Demand 0.9 6 10 0.6 5 7 0.3 3 4 0.3 2 4 0 0 0 2 15 25
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Notes
Green River above Fontenelle Fontenelle to Green River Green River to Greendale Little Snake River North Platte STATE TOTAL
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Notes 
1) High Growth scenario from Green River Basin Plan, 2010.   
2) Moderate Growth scenario from Green River Basin Plan, 2010.  
3) Population estimates from High Growth scenario of the Green River Basin Plan, 2010.   
4) High Growth scenario from Green River Basin Plan, 2010; gpcd computed with High Growth population and M&I demand. 
5) No changes from Current Projected. 
6) Low Growth scenario from Green River Basin Plan, 2010.   
7) Low Growth scenario from Green River Basin Plan, 2010.   
8) High Growth scenario from Green River Basin Plan, 2010.   
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 
12) Population estimates from High Growth scenario of the Green River Basin Plan, 2010.   
13) No changes from Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) High Growth scenario from Green River Basin Plan, 2010.   
20) High Growth scenario exports to North Platte from Green River Basin Plan, 2010.   
21) For North Platte, all potential Colorado River demand is M&I.  

 



Colorado River Basin 
Water Supply and Demand Study 

C5-28 December 2012 

TABLE C5-6 
Total Demand within Study Area under Enhanced Environment (D1) Scenario 

 

WYOMING LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agriculture Irrigated Acreage [thousands] 193 195 191 19 19 18 106 107 105 18 18 17 336 339 332 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 4.22 4.22 4.36 4.22 4.22 4.36 4.22 4.22 4.36 4.22 4.22 4.36 4.22 4.22 4.36
Consumptive Factor [%] 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28%

Demand (Consumptive) 229 231 234 22 22 23 126 127 128 21 22 21 398 402 406 2
Municipal and Industrial (M&I) Population [thousands] 10 18 28 43 48 52 17 20 24 1 1 0.8 71 87 105 3

M&I Per Capita Use (Diversion) [gpcd] 287 258 222 287 258 222 287 258 222 287 258 222 287 258 222 4
Consumptive factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

M&I Demand (Consumptive) 2 3 3 7 7 6 3 3 3 0.2 0.2 0.1 11 13 13
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 2 3 3 7 7 6 3 3 3 0.2 0.2 0.1 11 13 13
Energy Demand (Consumptive) 0 0 0 30 35 36 12 11 15 0 0 0 42 46 50 6
Minerals Demand (Consumptive) 0 0 0 20 25 33 0 0 0 0 0 0 20 25 33 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0.9 6 10 0.6 5 7 0.3 3 4 0.3 2 4 2 15 25 8
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

Total Hydrologic Basin Demand (Consumptive) 232 240 247 79 95 105 140 143 150 22 23 25 0 0 0 473 501 528

Adjacent Areas
Agriculture Irrigated Acreage [thousands] 612 612 612 612 612 612 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.54 2.54 2.54 2.54 2.54 2.54
Consumptive factor [%] 43% 43% 43% 43% 43% 43%

Demand (Diversion) 1,553 1,553 1,553 1,553 1,553 1,553 11
Demand (Consumptive) 663 661 661 663 661 661

Municipal and Industrial (M&I) Population [thousands] 244 270 301 244 270 301 12
M&I Per Capita Use (Diversion)[gpcd] 229 206 178 229 206 178 13

Consumptive factor [%] 50% 50% 50% 50% 50% 50%
M&I Demand (Diversion) 63 62 60 63 62 60

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 14
Demand (Diversion) 63 62 60 63 62 60

Demand (Consumptive) 31 31 30 31 31 30
Energy Demand (Diversion) 0 0 0 0 0 0 15
Minerals Demand (Diversion) 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 1,616 1,615 1,613 1,616 1,615 1,613

Total Demand in the Study Area 232 240 247 79 95 105 140 143 150 22 23 25 1,616 1,615 1,613 2,088 2,116 2,141

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 1,598 1,583 1,565 1,598 1,583 1,565 19

Potential Colorado River Demand 232 240 247 79 95 105 140 143 150 22 23 25 18 32 48 491 533 576 20
Agricultural Colorado River Demand 229 231 234 22 22 23 126 127 128 21 22 21 0 0 0 398 402 406 21
Municipal and Industrial Colorado River Demand 2 3 3 7 7 6 3 3 3 0.2 0.2 0.1 18 32 48 30 45 61
Energy Colorado River Demand 0 0 0 30 35 36 12 11 15 0 0 0 0 0 0 42 46 50
Minerals Colorado River Demand 0 0 0 20 25 33 0 0 0 0 0 0 0 0 0 20 25 33
Fish, Wildlife, and Recreation Colorado River Demand 0.9 6 10 0.6 5 7 0.3 3 4 0.3 2 4 0 0 0 2 15 25
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Notes
Green River above Fontenelle Fontenelle to Green River Green River to Greendale Little Snake River North Platte STATE TOTAL
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Notes 
1) No changes from Current Projected. 
2) Moderate Growth scenario from Green River Basin Plan, 2010.  
3) Population estimates from Moderate Growth scenario of the Green River Basin Plan, 2010.   
4) High Growth scenario from Green River Basin Plan, 2010; gpcd computed with High Growth population and M&I demand. 
5) No changes from Current Projected. 
6) Low Growth scenario from Green River Basin Plan, 2010.   
7) Low Growth scenario from Green River Basin Plan, 2010.   
8) High Growth scenario from Green River Basin Plan, 2010.   
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 
12) Population estimates from Moderate Growth scenario of the Green River Basin Plan, 2010.   
13) No changes from Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) Moderate Growth scenario from Green River Basin Plan, 2010.   
20) Moderate Growth scenario exports to North Platte from Green River Basin Plan, 2010.   
21) For North Platte, all potential Colorado River Demand is M&I.  
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TABLE C5-7 
Total Demand within Study Area under Enhanced Environment (D2) Scenario 

 

WYOMING LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agriculture Irrigated Acreage [thousands] 193 195 191 19 19 18 106 107 105 18 18 17 336 339 332 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 4.22 4.22 4.36 4.22 4.22 4.36 4.22 4.22 4.36 4.22 4.22 4.36 4.22 4.22 4.36
Consumptive Factor [%] 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28% 28%

Demand (Consumptive) 229 231 234 22 22 23 126 127 128 21 22 21 398 402 406 2
Municipal and Industrial (M&I) Population [thousands] 10 24 35 43 65 67 17 27 31 1 1 1 71 117 134 3

M&I Per Capita Use (Diversion) [gpcd] 287 296 297 287 296 297 287 296 297 287 296 297 287 297 297 4
Consumptive factor [%] 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50% 50%

M&I Demand (Consumptive) 2 4 6 7 11 11 3 5 5 0.2 0.2 0.2 11 19 22
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 2 4 6 7 11 11 3 5 5 0.2 0.2 0.2 11 19 22
Energy Demand (Consumptive) 0 0 0 30 35 36 12 11 15 0 0 0 42 46 50 6
Minerals Demand (Consumptive) 0 0 0 20 25 33 0 0 0 0 0 0 20 25 33 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0.9 6 10 0.6 5 7 0.3 3 4 0.3 2 4 2 15 25 8
Tribal Demand (Consumptive) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

Total Hydrologic Basin Demand (Consumptive) 232 241 250 79 98 110 140 145 152 22 23 25 0 0 0 473 508 537

Adjacent Areas
Agriculture Irrigated Acreage [thousands] 612 612 612 612 612 612 10

Per-Acre Water Delivery (Diversion) [af/ac/yr] 2.54 2.54 2.54 2.54 2.54 2.54
Consumptive factor [%] 43% 43% 43% 43% 43% 43%

Demand (Diversion) 1,553 1,553 1,553 1,553 1,553 1,553 11
Demand (Consumptive) 663 661 661 663 661 661

Municipal and Industrial (M&I) Population [thousands] 244 270 301 244 270 301 12
M&I Per Capita Use (Diversion)[gpcd] 229 229 229 229 229 229 13

Consumptive factor [%] 50% 50% 50% 50% 50% 50%
M&I Demand (Diversion) 63 69 77 63 69 77

Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 14
Demand (Diversion) 63 69 77 63 69 77

Demand (Consumptive) 31 35 39 31 35 39
Energy Demand (Diversion) 0 0 0 0 0 0 15
Minerals Demand (Diversion) 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 0 0 0 0 0 0 17
Tribal Demand (Diversion) 0 0 0 0 0 0 18

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 1,616 1,622 1,630 1,616 1,622 1,630

Total Demand in the Study Area 232 241 250 79 98 110 140 145 152 22 23 25 1,616 1,622 1,630 2,088 2,130 2,167

Demand that may be met by Other Supplies 0 0 0 0 0 0 0 0 0 0 0 0 1,598 1,585 1,580 1,598 1,585 1,580 19

Potential Colorado River Demand 232 241 250 79 98 110 140 145 152 22 23 25 18 37 51 491 545 588 20
Agricultural Colorado River Demand 229 231 234 22 22 23 126 127 128 21 22 21 0 0 0 398 402 406 21
Municipal and Industrial Colorado River Demand 2 4 6 7 11 11 3 5 5 0.2 0.2 0.2 18 37 51 30 57 73
Energy Colorado River Demand 0 0 0 30 35 36 12 11 15 0 0 0 0 0 0 42 46 50
Minerals Colorado River Demand 0 0 0 20 25 33 0 0 0 0 0 0 0 0 0 20 25 33
Fish, Wildlife, and Recreation Colorado River Demand 0.9 6 10 0.6 5 7 0.3 3 4 0.3 2 4 0 0 0 2 15 25
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Notes
Green River above Fontenelle Fontenelle to Green River Green River to Greendale Little Snake River North Platte STATE TOTAL
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Notes 
1) No changes from Current Projected. 
2) Moderate Growth scenario from Green River Basin Plan, 2010.  
3) Population estimates from High Growth scenario of the Green River Basin Plan, 2010.   
4) High Growth scenario from Green River Basin Plan, 2010; gpcd computed with High Growth population and M&I demand. 
5) No changes from Current Projected. 
6) Low Growth scenario from Green River Basin Plan, 2010.   
7) Low Growth scenario from Green River Basin Plan, 2010.   
8) High Growth scenario from Green River Basin Plan, 2010.   
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 
12) Population estimates from High Growth scenario of the Green River Basin Plan, 2010.   
13) No changes from Current Projected. 
14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) High Growth scenario from Green River Basin Plan, 2010.   
20) High Growth scenario exports to North Platte from Green River Basin Plan, 2010.   
21) For North Platte, all potential Colorado River Demand is M&I.  
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Appendix C6 ─ Arizona Water Demand 
Scenario Quantification  

1.0 Introduction 
This appendix summarizes the data sources used in scenario quantification for Colorado River 
demand1 for the state of Arizona and presents the results of quantification. As presented in 
figure C6-1, Arizona is divided into six planning areas, all of which are in the Colorado River 
hydrologic basin: Mainstem, Central Arizona, North Central, Central Yavapai Highlands, 
Upper San Pedro, and San Juan. Data collection and development were completed at the 
planning-area level. 

The following sections present background information that summarizes the state’s planning 
areas as well as data sources used to quantify demand scenarios by category. Following the 
background section, results of demand scenario quantification are presented. The results section 
is broken out into an Arizona Study Area summary, followed by Colorado River demand by 
geography, and finally by category.  

2.0 Background 
The Arizona Department of Water Resources (ADWR) is the agency given authority to protect 
the interests and rights of the State and its citizens in matters pertaining to interstate waters. 
ADWR developed information intended to capture Arizona’s demands on the Colorado River for 
use in the Colorado River Basin Water Supply and Demand Study (Study). In order to develop 
demands for the Study, ADWR used data from the Arizona Water Atlas (ADWR, 2010a), 
groundwater active management area assessments, the Water Resources Development 
Commission, Arizona Department of Commerce population projections, Reclamation's 
Mainstem Water Use Accounting Reports, and Bureau of Reclamation’s (Reclamation) planning 
studies for the North Central, Central Yavapai Highlands, and Upper San Pedro areas. In 
addition, for the purpose of this study, ADWR developed a Central Arizona model to project 
demands for Phoenix, Pinal, and Tucson.  New demand data were also developed for Upper San 
Pedro River area, the Central Yavapai Highlands area, and the North Central Arizona area. 
Quantification of the Basin Study scenarios used these base data.  

2.1 Data Sources for Quantification 
This section discusses data sources for demand quantification by use category. Some category 
projections were based on relevant parameter data, while other category projections were 
developed directly as water demand. Sources included state, regional, and national agency 
reports. 

                                                 
1 Colorado River demand as computed by Study Area demand minus other supplies. 
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FIGURE C6-1 
Colorado River Hydrologic Basin and Export Service Areas in Arizona 
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• Agricultural Demand: Irrigated acreage, consumptive factors, and agricultural demands 
were derived by ADWR using various studies and reports shown in the references section 
(ADWR, 2005, 2010b, 2010c, 2011b; Reclamation, 1964–2002, 1996–2008, 2003–2009, 
2006, 2007a, 2009; USGS, 2007, 2009). Agricultural applied water use was calculated based 
on irrigated acreage, consumptive factors, and consumptive demands.  

• Municipal and Industrial (M&I): Population estimates were disaggregated from 
Arizona state population (ADWR, 2011a). Demand and consumptive factors were derived by 
ADWR using various studies and reports (ADWR, 2005, 2010b, 2010c, 2011b; Reclamation, 
1964–2002, 1996–2008, 2003–2009, 2006, 2007a, 2009; USGS, 2007, 2009), and per capita 
usage was calculated based on population estimates, demand, and consumptive factors.  

• Energy: Energy demands were derived by ADWR using various studies and reports (Water 
Resources Development Commission, Arizona, 2011).  

• Minerals: Minerals demands were derived by ADWR using various studies and reports 
(ADWR, 2010b, 2010c, 2011b).  

• Fish, Wildlife, and Recreation: Fish, wildlife, and recreation demands were derived by 
ADWR using various studies and reports (ADWR, 2005; Reclamation, 1964–2002, 2003–
2009, 2006; USGS, 2007, 2009).  

• Tribal: Tribal demands were derived with input from the tribes and ADWR (ADWR, 2010b, 
2010c, 2011b; Reclamation, 1964–2002, 1996–2008; Reclamation, 2003–2009, 2006).  

3.0 Results of Water Demand Scenario Quantification 
This section summarizes Arizona’s Colorado River water demand trends by category across the 
scenarios. The purpose of this section is to describe changes in demands, both temporally and 
geographically, parameters that influence changes in demands, and how the parameters and 
demands differ amongst scenarios.  

Demands were first developed for areas that may be potentially served by Colorado River water 
(Study Area demands), independent of the source of supply. However, a portion of the Study 
Area demand, particularly in the Central Arizona planning area, is satisfied from other supplies 
such as surface water, groundwater, and reclaimed water/effluent. To develop estimates of the 
Colorado River demand, the Study Area demand was reduced by estimates of available supply 
from other sources. This appendix focuses on Colorado River demands, but includes discussion 
of the Study Area parameters that led to these demands. Gila River Basin demands are not 
included. The Colorado River Simulation System model would need to be extended, and natural 
flow data sets would need to be developed in order to include the Gila River Basin tributaries in 
the analysis. 

The following sections summarize the results of demand scenario quantification, presenting 
Study Area demand and Colorado River water demand, Colorado River Demand for the state and 
individual planning areas across the six scenarios, and Colorado River water demand by category 
across the six scenarios. Parameters and demands for all categories and all scenarios, along with 
references for data sources, are included. 
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3.1 Summary Results of Scenario Quantification 
Values were developed for Study Area parameters to quantify Study Area demand for each of 
the scenarios. Colorado River demand was calculated as Study Area demand minus other 
supplies. Tables C6-1A, B, and C present summary results for the demand scenarios considered 
in the Study for Arizona’s Study Area, the Upper Basin, and Lower Basin in Arizona, 
respectively. The tables present agricultural and M&I demand parameters for the entire Study 
Area that distinguish the scenarios, the resulting Study Area demands, and finally the Colorado 
River demands by category. Because other supplies may vary among scenarios, trends observed 
in the parameters and Study Area demands may not be reflected identically in Colorado River 
demand trends.  

Arizona estimates that about 7 million people will be in Arizona’s Study Area by 2015. 
This number is expected to increase to 9.8 to 16.0 million by 2060. The greatest population 
growth is associated with the Rapid Growth (C1 and C2) scenarios and the Enhanced 
Environment (D2) scenario. The Slow Growth (B) scenario has the lowest population growth 
of the scenarios (9.8 million by 2060), but still represents a growth of about 45 percent over 
2015 estimates.  

The growing municipal population, however, will continue to be more efficient in its per capita 
water use than today. Per capita water use, based solely on passive or existing conservation 
targets, is expected to be 4 to 23 percent less in 2060 than in 2015 in all scenarios except for 
Slow Growth (B) scenario, where it is expected to increase by about 1 percent. Usage rates and 
per capita reductions vary across Arizona’s planning areas.  

Irrigated acreage is projected to decrease through 2060 under all scenarios. Decrease in irrigated 
acreage varies by scenario, and ranges from a 30 percent decrease in the Slow Growth (B) 
scenario to a 48 percent decrease in the Rapid Growth (C1 and C2) and Enhanced Environment 
(D2) scenarios. In each case, the bulk of the decrease comes from Central Arizona.  The effect of 
decreased irrigated acreage is offset by an increase in water delivery per acre across all scenarios. 
The increase in water delivery per acre ranges from 14 percent Slow Growth (B) scenario to 25 
percent Rapid Growth (C2) scenario.  

Study Area demand for energy is projected to increase under all scenarios due to the growing 
need for electricity generation, including solar. Most of the energy demands are met by local 
supplies. The portion of Study Area demand for energy met by the Colorado River is forecast 
to increase modestly, from about 1,100 acre-feet per year (afy) in 2015 to between 1,400 and 
1,900 afy in 2060. 

Study Area demand for minerals is projected to increase across all scenarios, from 42,000 afy 
in 2015 to between 53,000 and 60,000 afy in 2060.  

Study Area demand for tribal use is projected to increase across all scenarios, with demand 
increasing between 21 and 34 percent by 2060.  

Figure C6-2 presents demands across the scenarios in three panels as follows: 1) Study Area 
demand with other supplies and Colorado River demand identified, 2) Colorado River demand, 
and 3) change in Colorado River demand by demand category.  
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TABLE C6-1A  
Summary Results of Arizona Water Demand Scenario Quantification by 2060 

Key Study Area Demand Scenario Parameters 

 2015 1 
2060 Scenario Parameters 

A B C1 C2 D1 D2 
Population (millions) 6.7–7.5 12.5 9.8 16.0 16.0 12.5 16.0 
Change in per capita water usage 
(%), from 2015 — -4% +1% -5% -22% -23% -23% 

Irrigated acreage (millions of acres) 0.62 0.36 0.45 0.31 0.31 0.36 0.31 

Change in per acre water delivery 
(%), from 2015 — +16% +14% +21% +25% +16% +19% 

Study Area Demand (thousand acre-feet [kaf]) 

 2015 1 
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 2,056–2,342 1,314 1,759 1,161 1,196 1,314 1,101 
M&I demand 1,855 3,099 2,587 3,857 3,158 2,475 3,110 
Energy demand 78–87 137 109 188 133 106 133 
Minerals demand 42 58 60 58 58 58 58 
FWR demand 27–91 27.0 27.7 27.0 30.2 89.7 90.9 

Tribal demand 1,015–1,141 1,311 1,224 1,453 1,422 1,287 1,450 
Total Study Area Demand2 5,315 5,945 5,766 6,744 5,997 5,330 5,943 

Colorado River Demand (kaf) 

 2015 1 
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 1,007–1,145 703 724 703 763 703 668 
M&I demand 762 1,460 1,164 2,060 1,357 1,337 1,609 
Energy demand 1.1 1.6 1.6 1.9 1.6 1.4 1.6 
Minerals demand 42 55 60 54 53 53 54 

FWR demand 16–80 15.9 16.6 15.9 19.1 78.6 79.8 
Tribal demand2 924–1,051 1,258 1,143 1,408 1,406 1,257 1,408 
Total Colorado River Demand2 2,985 3,493 3,109 4,243 3,600 3,431 3,821 
1 If range across scenarios is less than 10 percent, Current Projected (A) is presented. Otherwise, range (min – max) is 

presented. 
2 Excludes potential losses (reservoir evaporation, phreatophytes, and/or operational inefficiencies) that may be charged to 

state. 
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TABLE C6-1B 
Summary Results of Arizona Water Demand Scenario Quantification by 2060 for the Upper Basin 

Key Study Area Demand Scenario Parameters 

 2015 1 
2060 Scenario Parameters 

A B C1 C2 D1 D2 
Population (millions) 0.012 0.020 0.020 0.020 0.020 0.020 0.020 
Change in per capita water usage 
(%), from 2015 — –30% –30% –30% –30% –30% –30% 

Irrigated acreage (millions of acres) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Change in per acre water delivery 
(%), from 2015 — — — — — — — 

Study Area Demand (thousand acre-feet [kaf]) 

 2015 1 
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 0 0 0 0 0 0 0 
M&I demand 1.68 1.96 1.96 1.96 1.96 1.96 1.96 
Energy demand 0 0 0 0 0 0 0 
Minerals demand 0 0 0 0 0 0 0 
FWR demand 0.34 0.34 0.34 0.34 0.34 0.34 0.34 

Tribal demand 38–44 43.3 43.3 70.9 70.9 43.3 70.9 
Total Study Area Demand2 40–46 46 46 73 73 46 73 

Colorado River Demand (kaf) 

 2015 1 
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 0 0 0 0 0 0 0 
M&I demand 1.68 1.96 1.96 1.96 1.96 1.96 1.96 
Energy demand 0 0 0 0 0 0 0 
Minerals demand 0 0 0 0 0 0 0 

FWR demand 0.34 0.34 0.34 0.34 0.34 0.34 0.34 
Tribal demand2 38–44 43.3 43.3 70.9 70.9 43.3 70.9 
Total Colorado River Demand2 40–46 46 46 73 73 46 73 
1 If range across scenarios is less than 10 percent, Current Projected (A) is presented. Otherwise, range (min – max) is 

presented. 
2 Excludes potential losses (reservoir evaporation, phreatophytes, and/or operational inefficiencies) that may be charged to 

state. 
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TABLE C6-1C  
Summary Results of Arizona Water Demand Scenario Quantification by 2060 for the Lower Basin 

Key Study Area Demand Scenario Parameters 

 20151  
2060 Scenario Parameters 

A B C1 C2 D1 D2 
Population (millions) 6.7–7.5 12.5 9.8 16.0 16.0 12.5 16.0 
Change in per capita water usage 
(%), from 2015 — –4% +1% –5% –22% –23% –23% 

Irrigated acreage (millions of acres) 0.62 0.36 0.45 0.31 0.31 0.36 0.31 

Change in per acre water delivery 
(%), from 2015 — +16% +14% +21% +25% +16% +19% 

Study Area Demand (thousand acre-feet [kaf]) 

 20151  
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 2,056–2,342 1,314 1,759 1,161 1,196 1,314 1,101 
M&I demand 1,854 3,097 2,585 3,855 3,156 2,473 3,108 
Energy demand 78–87 137 109 188 133 106 133 
Minerals demand 42 58 60 58 58 58 58 
FWR demand 27–91 26.7 27.4 26.7 29.9 89.4 90.6 

Tribal demand 971–1,103 1,267 1,180 1,382 1,351 1,244 1,379 
Total Study Area Demand2 5,270 5,900 5,720 6,671 5,924 5,284 5,870 

Colorado River Demand (kaf) 

 20151  
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 1007–1145 703 724 703 763 703 668 
M&I demand 760 1,458 1,162 2,058 1,355 1,335 1,607 
Energy demand 1.1 1.6 1.6 1.9 1.6 1.4 1.6 
Minerals demand 42 55 60 54 53 53 54 

FWR demand 16–79 15.5 16.3 15.5 18.8 78.3 79.5 
Tribal demand2 881–1013 1,215 1,100 1,337 1,335 1,213 1,337 
Total Colorado River Demand2 2,940 3,447 3,064 4,170 3,527 3,385 3,747 
1 If range across scenarios is less than 10 percent, Current Projected (A) is presented. Otherwise, range (min – max) is 

presented. 
2 Excludes potential losses (reservoir evaporation, phreatophytes, and/or operational inefficiencies) that may be charged to 

state. 
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FIGURE C6-2 
Study Area, Colorado River, and Change in Colorado River Demand  
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From panel one it can be seen that Study Area demand increases from about 5.3 million acre-feet 
(maf) in 2015 to between 5.3 and 6.7 maf in 2060. The range in Study Area demand growth 
across scenarios in 2060, however, is projected to be as low as 14 kaf or as high as 1,429 kaf. 
About 36 to 46 percent of the Study Area demand is expected to be met by other supplies. 

Panel two provides a view of the range across scenarios of Colorado River demand. This 
demand changes from about 3.0 maf in 2015 to between 3.1 and 4.2 maf in 2060 (or 5  to 
41 percent) depending on the scenario. This difference results in a Colorado River demand range 
of about 1.1 maf across the scenarios in 2060, or 36 percent. 

Panel three shows how specific categories affect the projected change in Colorado River demand 
by scenario. Growth in M&I demand across all scenarios results in the greatest increase in 
demand, followed by tribal demand and minerals demand. Agricultural demand decreases across 
all scenarios. 

Figure C6-3 ties historical water use to the range of Colorado River demand in the quantified 
scenarios. The 1.1 maf range across scenarios in 2060 is easily discernible, with a relatively even 
spread over the range across the scenarios.  

 
FIGURE C6-3 
Historical Use and Future Projected Demand  
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3.2 Colorado River Water Demand by Geography  
Colorado River water demand for areas served by the Colorado River is presented in figures 
C6-4 and C6-5. These figures show two geographic levels: Study Area in Arizona, and 
individual planning areas. Demands at each geographic level are shown across the scenarios. 
The columns to the right show Colorado River demand at a point in time (2015, 2035, or 2060) 
by relative contribution of the categories. 

Colorado River demand2 in Arizona is primarily in the Mainstem and Central Arizona planning 
areas. Demands in the Mainstem are primarily agricultural and tribal, whereas demands in 
Central Arizona are primarily M&I, with some tribal and agricultural.  

Figure C6-6 shows the change in Colorado River demand by category from 2015 across the 
scenarios. Change in Colorado River demand is dominated by the Central Arizona planning area, 
with a large increase in M&I demands and a smaller increase in tribal demands, offset by a 
decrease in agricultural demands.  

3.3 Colorado River Demand by Category 
3.3.1 Agricultural 
Agricultural water demand is driven by irrigated acreage and water delivery per acre. Water 
delivery per acre is the amount of water diverted per irrigated acre. Components of this use 
include transmission and delivery losses (surface evaporation, riparian demand, and seepage), 
and on-farm losses that are made up of evaporation, crop irrigation requirements, and tail water 
(return). Each of these factors will vary by location (precipitation, growing season, etc.), 
irrigation method, and crop type.  

Figure C6-7 presents the following by scenario in 2015, 2035, and 2060:  

• Change in agricultural demand for Colorado River water 
• Change in agricultural demand for Colorado River water by planning area 
• Agricultural demand as a portion of Colorado River water demand (right hand side 

of graph) 
As can be seen from figure C6-7, agricultural water demand makes up 34 to 39 percent of 
Colorado River demand in Arizona in 2015, and drops to 17 to 23 percent of Colorado River 
demand in 2060. This drop results from both a decrease in agricultural water demand and an 
increase in other categories of demand.  

There are two Arizona planning areas with significant agricultural water use: the Mainstem and 
the Central Arizona planning areas. Mainstem users hold senior water rights and have the 
greatest demand. Lower priority water rights supply the Central Arizona planning area. 
Agricultural demand is forecast to decrease over the Study period by varying amounts in the 
Central Arizona planning area, ranging from about 330 kaf to 420 kaf, depending on the 
efficiency and acreage assumptions in each scenario. Some decreases are assumed to result from 
the conversion of agricultural lands to urban development as the Central Arizona Project 
agricultural pool decreases over time until it is eliminated in 2030. 

                                                 
2 Potential Colorado River demand is based on changes in parameters such as population and for the purpose of the Study is 

            not limited by apportionment. 
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FIGURE C6-4 
Colorado River Demand in Arizona 
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FIGURE C6-5 
Colorado River Demand by Category 
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FIGURE C6-6 
Change in Colorado River Demand in Arizona from 2015 by Category 
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FIGURE C6-7 
Change in Colorado River Demand in Arizona from 2015 for Agriculture 
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3.3.2 Municipal and Industrial 
M&I water demand can be estimated from population and M&I per capita water use, with 
the addition of self-served industrial (SSI) demand. Municipal per capita water demand 
calculations include industrial, commercial, institutional, and residential water demand. 
A number of factors may influence the M&I per capita water use of a given community, 
including the amount of industrial demand, climate, number of institutional facilities, and 
number of visitors. 

SSI users are industries located in a given area that have their own water supply systems and 
are therefore not directly related to local measures of population and M&I per capita water use. 

Figure C6-8 presents the following by scenario in 2015, 2035, and 2060:  

• Change in M&I demand for Colorado River water 

• Change in M&I demand for Colorado River water in individual planning areas 

• M&I demand as a portion of Colorado River water demand (right hand side of graph) 
As can be seen from figure C6-8, M&I water demand is the one of the largest components of 
Colorado River demand, changing from 26 to 28 percent in 2015 to between 37 and 49 percent 
of Colorado River demand in 2060, depending on which scenario is considered. 

Colorado River demand for M&I use increases over time from 2015 to 2060 across all scenarios. 
The increase is primarily due to population increase as M&I per capita water use decreases over 
time across all scenarios; SSI demand also increases across all scenarios.  

In examining the planning areas, population growth from 2015 to 2060 drives the increase in 
M&I demand for Colorado River water in the Central Arizona planning area and to a lesser 
extent in the Mainstem planning area. Colorado River water allocations and the availability of 
other supplies also affect M&I Colorado River water demand.  

Increases in population are somewhat tempered by decreases in M&I per capita water use. Per 
capita water use is expected to be 4 to 23 percent less in 2060 than in 2015 in all scenarios except 
for Slow Growth (B) scenario, where it is expected to increase by about 1 percent. 

3.3.3 Energy 
Water demand for energy can be estimated through known plans for new power plants or 
through applying a per capita energy water use factor. Power facilities often serve areas remote 
from their locations and therefore potentially represent exports or imports of water from the 
Study Area to meet these distributed needs.  

Figure C6-9 presents the following by scenario in 2015, 2035, and 2060:  

• Change in energy demand for Colorado River water 

• Change in energy demand for Colorado River water in individual planning areas 

• Energy demand as a portion of Colorado River water demand (right hand side of graph) 
As can be seen from figure C6-9, energy water demand is a small fraction of Colorado River 
demand, making up less than 0.1 percent of Colorado River demand in 2060.  
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FIGURE C6-8 
Change in Colorado River Demand in Arizona from 2015 for M&I 
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FIGURE C6-9 
Change in Colorado River Demand in Arizona from 2015 for Energy 
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Energy demand for Colorado River water increases over time from 2015 to 2060 across all 
scenarios, with the increase ranging from about 0.3 to 0.7 kaf.  

Water use associated with energy demand is estimated on a per capita basis for the Mainstem and 
Central Arizona planning areas, and is estimated to increase as the population increases over 
time. Other planning area water use related to energy demand is estimated based on existing 
power generation facilities use. 

3.3.4 Minerals Extraction 
Water demand for mineral production can be estimated through existing uses and known plans 
for extraction in the Study Area. Water demand for mineral production can vary significantly, 
based on market prices for a given product.  

Figure C6-10 presents the following by scenario in 2015, 2035, and 2060:  

• Change in mineral production demand for Colorado River water 

• Change in mineral production demand for Colorado River water in individual planning 
areas 

• Minerals production demand as a portion of Colorado River demand (right hand side of 
graph) 

As can be seen from figure C6-10, minerals water demand is a small fraction of Colorado River 
demand, changing from 1.4 percent in 2015 to between 1.3 and 1.9 percent of Colorado River 
demand in 2060, depending on which scenario is considered. 

Minerals demand for Colorado River water increases through time by about 13 kaf from 2015 to 
2060 across all scenarios.  

Demand for Colorado River water for minerals extraction is present only in the Central Arizona 
planning area; accordingly, all of the increase occurs in the Central Arizona planning area. 

3.3.5 Fish, Wildlife, and Recreation 
Water demand for fish, wildlife, and recreation is estimated from existing agreements or known 
consumptive use associated with this demand category. Non-consumptive demands associated 
with fish, wildlife, and recreation, including in-stream flow requirements, are represented 
through the metrics portion of the Study presented in Technical Report D – System Reliability 
Metrics.  

Fish, wildlife, and recreation demands are forecast to remain constant through time, although the 
demands are variable among different scenarios. All scenarios have fish, wildlife, and recreation 
demands between about 16 and 19 kaf, except the Enhanced Environment (D1 and D2) scenarios 
which have demands at about 80 kaf. All fish, wildlife, and recreation demands are in the 
Mainstem planning area.  
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FIGURE C6-10 
Change in Colorado River Demand in Arizona from 2015 for Minerals 
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3.3.6 Tribal 
Water demand for federally recognized tribes in Arizona with rights to Colorado River water 
relied on information submitted by the Ten Tribes Partnership for use in the Colorado River 
Interim Surplus Criteria Final Environmental Impacts Statement (Reclamation, 2000) and used 
in the more recent Colorado River Interim Guidelines for Lower Basin Shortages and 
Coordinated Operations of Lake Powell and Lake Mead Final Environmental Impact Statement 
(Reclamation, 2007b), information from ADWR, input from the individual tribes, and 
Reclamation’s 2005 to 2009 Decree Accounting Report (Reclamation, 2007 and 2010). The 
projected Navajo Nation demands were provided by the Navajo Nation Department of Water 
Resources and modified to fit the storyline narratives regarding tribal use under each scenario.  

Figure C6-11 presents the following by scenario in 2015, 2035, and 2060:  

• Change in tribal demand for Colorado River water 

• Change in tribal demand for Colorado River water in individual planning area 

• Tribal demand as a portion of Colorado River demand (right hand side of graph) 
As can be seen from figure C6-11, tribal water demand is one of the larger components of 
Colorado River demand in Arizona, increasing slightly from 31 to 35 percent in 2015 to between 
33 and 39 percent of Colorado River demand in 2060, depending on which scenario is 
considered. 

Colorado River tribal demand increases over time by 217 to 357 kaf (about 21 to 34 percent) 
from 2015 to 2060 across all scenarios. These increases are primarily due to development of 
demands under existing water rights and the realization of new tribal claims and settlements. 
Increases occur mostly in the Central Arizona planning area, but there is also some increase in 
the Mainstem planning area. The rate of increase is greatest in Rapid Growth (C1 and C2) and 
Enhanced Environment (D2) scenarios.  

For additional information on tribal demands, see appendix C9. 

3.4 Summary Tables of Parameters and Demands by Category 
Tables C6-2 to C6-7 present the specific parameter data collected by planning area. Each table is 
a complete set of data for a given scenario. These data were used to develop Study Area demands 
and subsequently Colorado River demands once other supplies were considered. These tables 
provide the specific information used in the creation of the summary and category plots 
previously discussed and provide reference information for the data provided. 
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FIGURE C6-11 
Change in Colorado River Demand in Arizona from 2015 for Tribal 
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TABLE C6-2  
Total Demand within Study Area under Current Projected (A) Scenario 

 
 

 
 

 

ARIZONA LEGEND: 999 From States 999 From State Plans
Units are thousand acre-feet per year, unless otherwise noted 999 Calculated 999 From Study Team

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 168 168 168 447 288 189 0 0 0 7 6 4 0.1 0.1 0.1 623 462 361 0 0 0 0 0 0 623 462 361 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.85 6.85 6.85 3.2 3.2 3.2 3.6 3.6 3.6 2.9 2.9 2.9 4.22 4.54 4.88 4.22 4.54 4.88
Consumptive factor [%] 61% 61% 61% 100% 100% 100% 100% 100% 100% 100% 100% 100% 83% 79% 75% 83% 79% 75% 2
Demand (Consumptive) 703 703 703 1,449 924 596 0 0 0 27 22 15 0.4 0.4 0.4 2,179 1,649 1,314 0 0 0 0 0 0 2,179 1,649 1,314 3

Municipal and Industrial (M&I) Population [thousands] 298 434 528 6,348 9,086 11,305 101 116 125 250 340 402 94 116 134 7,091 10,091 12,493 12 16 20 12 16 20 7,103 10,107 12,513 4
M&I Per Capita Use (Diversion) [gpcd] 271 271 277 215 209 207 126 127 127 151 138 121 187 187 187 214 208 206 123 111 86 123 111 86 214 208 206 5, 6

Consumptive factor [%] 66% 68% 70% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 98% 98% 98% 100% 100% 100% 100% 100% 100% 98% 98% 98% 2
M&I Demand (Consumptive) 59 90 115 1,532 2,131 2,622 14 16 18 42 53 55 20 24 28 1,668 2,314 2,838 2 2 2 2 2 2 1,670 2,316 2,840

Self Served Industrial Demand (Consumptive) 5 6 6 170 220 233 0 0 0 9 13 18 1 2 2 186 242 259 0 0 0 0 0 0 186 242 259 3
Demand (Consumptive) 65 96 121 1,702 2,351 2,855 14 16 18 51 66 72 21 27 30 1,854 2,555 3,097 2 2 2 2 2 2 1,855 2,557 3,099

Energy Demand (Consumptive) 0.4 0.6 0.7 81 112 136 0 0 0 0 0 0 0 0 0 81 113 137 0 0 0 0 0 0 81 113 137 7
Minerals Demand (Consumptive) 0 0 0 42 58 58 0 0 0 0 0 0 0 0 0 42 58 58 0 0 0 0 0 0 42 58 58 8
Fish, Wildlife, and Recreation Demand (Consumptive) 16 16 16 0 0 0 0.3 0.3 0.3 0 0 0 11 11 11 27 27 27 0.3 0.3 0.3 0.3 0.3 0.3 27 27 27 9
Tribal Demand (Consumptive) 552 556 556 535 735 711 0.7 0.8 0.8 0 0 0 0 0 0 1,087 1,291 1,267 44 43 43 44 43 43 1,131 1,334 1,311 10

Total Hydrologic Basin Demand (Consumptive) 1,336 1,370 1,396 3,808 4,180 4,356 15 17 19 79 87 87 32 38 42 5,270 5,692 5,900 46 46 46 46 46 46 5,315 5,738 5,945

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population [thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 1,336 1,370 1,396 3,808 4,180 4,356 15 17 19 79 87 87 32 38 42 5,270 5,692 5,900 46 46 46 46 46 46 5,315 5,738 5,945 11

Demand that may be met by Other Supplies 0 0 0 2,233 2,508 2,359 11 10 8 72 72 72 14 14 14 2,330 2,604 2,453 0 0 0 0 0 0 2,330 2,604 2,453 12

Potential Colorado River Demand 1,336 1,370 1,396 1,575 1,671 1,997 4 8 11 6 15 15 18 24 28 2,940 3,088 3,447 46 46 46 46 46 46 2,985 3,134 3,493 13
Agricultural Colorado River Demand 703 703 703 421 0 0 0 0 0 0 0 0 0 0 0 1,124 703 703 0 0 0 0 0 0 1,124 703 703
Municipal and Industrial Colorado River Demand 65 96 121 667 957 1,283 4 8 11 6 15 15 18 24 28 760 1,099 1,458 2 2 2 2 2 2 762 1,101 1,460
Energy Colorado River Demand 0.4 0.6 0.7 0.7 0.9 0.9 0 0 0 0 0 0 0 0 0 1 1 2 0 0 0 0 0 0 1 1 2
Minerals Colorado River Demand 0 0 0 42 54 55 0 0 0 0 0 0 0 0 0 42 54 55 0 0 0 0 0 0 42 54 55
Fish, Wildlife, and Recreation Colorado River Demand 16 16 16 0 0 0 0 0 0 0 0 0 0 0 0 16 16 16 0.3 0.3 0.3 0.3 0.3 0.3 16 16 16
Tribal Colorado River Demand 552 556 556 445 660 659 0 0 0 0 0 0 0 0 0 997 1,216 1,215 44 43 43 44 43 43 1,041 1,259 1,258

STATE TOTAL
Notes

Mainstem Central Arizona
North Central and 

Navajo Nation
Central Yavapai 

Highlands Upper San Pedro River
LOWER BASIN 

SUBTOTAL San Juan
UPPER BASIN 

SUBTOTAL
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Notes 
1) Personal communication, ADWR, Aug. 26, 2011 (ADWR, 2011c). 
2) Mainstem: 61 percent based Personal communication, ADWR, Oct. 21, 2011 (ADWR, 2011c); Non-mainstem: 100 percent based on 

consumptive need equaling diversion from mainstem. 
3) Personal communication, ADWR, Aug. 26, 2011; non-mainstem areas. 
4) Personal communication, ADWR, Aug. 26, 2011. Population figures for each planning area are disaggregated from total Arizona state 

population. See Draft Arizona Demand Narrative, Aug. 2011. 
5) In mainstem, gallons per capital per day (gpcd) increase due to the addition of Arizona's unallocated Priority 4 entitlement, which is 

assumed to be allocated after 2020; no population has been associated with this allocation. 
6) In North Central, municipal gpcds based on non-tribal population estimates; 2015–100,580; 2035–118,010; and 2060–131,450.  Tribal 

population estimates are: 2015–17,890; 2035–20,990; and 2060–23,380. 
7) Personal communication, ADWR, Aug. 26, 2011. Mainstem and Central based on per capita energy factor of 18.4 megawatt hours per 

person per year, and 650 gallons per megawatt hour.  
8) Personal communication, ADWR, Aug. 26, 2011. 
9) Personal communication, ADWR, Aug. 26, 2011. Mainstem: 2005–2009 average. Upper San Pedro: Use based on Water Management 

of the Regional Aquifer in the Sierra Vista Subwatershed, Arizona–2007 report to Congress. 
10) Personal communication, ADWR, Oct. 21, 2011. Tribal demands include agricultural, M&I, and other uses. There are approximately 

82,000 acres of tribal agricultural lands in the mainstem and 180 acres in North Central. 
11) Calculated from the sum of Hydrologic Basin (Consumptive) Demand and Adjacent Areas (Diversion) Demand. 
12) Personal communication, ADWR, Oct. 21, 2011. Other local supplies include surface water, groundwater, groundwater mining, and 

effluent re-use. 
13) For planning areas other than Central AZ, all Colorado River demand is municipal. For Central AZ, based on recent distribution of Central 

Arizona Project (CAP) water (20110510 Basin Study AZCAPBreakout.xlsx). Approach was to start with recent distribution, and then 
make the change in distribution the same as the change in overall demands. This was done for current trends only. The values for all 
categories but M&I were then applied to all other scenarios, with M&I used as the makeup term. The formulas also were checked to 
make sure Colorado River demand was not greater than total demand for each category–if so, M&I makes up the difference. 
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TABLE C6-3 
Total Demand within Study Area under Slow Growth (B) Scenario 

 
 

 

 

 

ARIZONA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 168 168 168 464 346 273 0 0 0 7 6 4 0.1 0.1 0.1 640 520 446 0 0 0 0 0 0 640 520 446 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 7.18 7.18 7.18 3.41 3.73 3.72 0.00 0.00 0.00 4.37 4.37 4.37 3.57 3.57 3.57 4.41 4.86 5.03 0.00 0.00 0.00 0.00 0.00 0.00 4.41 4.86 5.03 2
Consumptive factor [%] 60% 60% 60% 100% 100% 100% 0% 0% 0% 100% 100% 100% 100% 100% 100% 83% 81% 78% 0% 0% 0% 0% 0% 0% 83% 81% 78%
Demand (Consumptive) 724 724 724 1,585 1,291 1,017 0 0 0 33 26 18 0.5 0.5 0.5 2,342 2,041 1,759 0 0 0 0 0 0 2,342 2,041 1,759

Municipal and Industrial (M&I) Population [thousands] 283 367 412 6,026 7,679 8,831 96 98 105 237 288 314 89 98 104 6,731 8,529 9,766 12 16 20 12 16 20 6,743 8,545 9,787 3
M&I Per Capita Use (Diversion) [gpcd] 274 282 302 219 220 218 128 133 139 156 162 171 189 196 207 218 219 219 123 111 86 123 111 86 217 219 219 4

Consumptive factor [%] 66% 67% 69% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 98% 98% 98% 100% 100% 100% 100% 100% 100% 98% 98% 98%
M&I Demand (Consumptive) 57 78 96 1,480 1,890 2,156 14 15 16 41 52 60 19 22 24 1,611 2,056 2,353 2 2 2 2 2 2 1,613 2,058 2,355

Self Served Industrial Demand (Consumptive) 5 6 6 165 203 206 0 0 0 9 13 18 1 2 2 182 224 232 0 0 0 0 0 0 182 224 232 5
Demand (Consumptive) 62 84 103 1,645 2,093 2,362 14 15 16 51 65 78 20 24 26 1,792 2,280 2,585 2 2 2 2 2 2 1,794 2,282 2,587

Energy Demand (Consumptive) 0.4 0.5 0.5 77 96 108 0 0 0 0 0 0 0 0 0 78 97 109 0 0 0 0 0 0 78 97 109 6
Minerals Demand (Consumptive) 0 0 0 42 60 60 0 0 0 0 0 0 0 0 0 42 60 60 0 0 0 0 0 0 42 60 60 7
Fish, Wildlife, and Recreation Demand (Consumptive) 16 16 16 0 0 0 0.3 0.3 0.3 0 0 0 11 11 11 27 27 27 0.3 0.3 0.3 0.3 0.3 0.3 28 28 28 8
Tribal Demand (Consumptive) 436 439 439 535 740 740 0.7 0.8 0.8 0 0 0 0 0 0 971 1,180 1,180 44 43 43 44 43 43 1,015 1,224 1,224 9

Total Hydrologic Basin Demand (Consumptive) 1,239 1,264 1,283 3,884 4,280 4,287 15 16 18 83 91 95 32 35 38 5,252 5,686 5,720 46 46 46 46 46 46 5,298 5,731 5,766

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population [thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 1,239 1,264 1,283 3,884 4,280 4,287 15 16 18 83 91 95 32 35 38 5,252 5,686 5,720 46 46 46 46 46 46 5,298 5,731 5,766

Demand that may be met by Other Supplies 0 0 0 2,250 2,616 2,563 11 9 8 72 72 72 14 14 14 2,346 2,711 2,657 0 0 0 0 0 0 2,346 2,711 2,657 10

Potential Colorado River Demand 1,239 1,264 1,283 1,634 1,664 1,725 4 7 9 11 19 23 18 21 24 2,906 2,975 3,064 46 46 46 46 46 46 2,952 3,020 3,109
Agricultural Colorado River Demand 724 724 724 421 0 0 0 0 0 0 0 0 0 0 0 1,145 724 724 0 0 0 0 0 0 1,145 724 724 11
Municipal and Industrial Colorado River Demand 62 84 103 726 942 1,003 4 7 9 11 19 23 18 21 24 821 1,073 1,162 2 2 2 2 2 2 823 1,075 1,164
Energy Colorado River Demand 0.4 0.5 0.5 0.8 1 1 0 0 0 0 0 0 0 0 0 1 1 2 0 0 0 0 0 0 1 1 2
Minerals Colorado River Demand 0 0 0 42 60 60 0 0 0 0 0 0 0 0 0 42 60 60 0 0 0 0 0 0 42 60 60
Fish, Wildlife, and Recreation Colorado River Demand 16 16 16 0 0 0 0 0 0 0 0 0 0 0 0 16 16 16 0.3 0.3 0.3 0.3 0.3 0.3 17 17 17
Tribal Colorado River Demand 436 439 439 445 661 661 0 0 0 0 0 0 0 0 0 881 1,100 1,100 44 43 43 44 43 43 924 1,143 1,143

STATE TOTAL
Notes

Mainstem Central Arizona
North Central and 

Navajo Nation
Central Yavapai 

Highlands Upper San Pedro River
LOWER BASIN 

SUBTOTAL San Juan
UPPER BASIN 

SUBTOTAL



                                      Appendix C6 — Arizona Water Demand 
                                                                Scenario Quantification 

December 2012 C6-25 

Notes 
1) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Central Arizona: higher utilization rate (up < 10 percent), slower land 

conversion (driven by population); Other areas: no change from Current Projected. 
2) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Central Arizona and mainstem: 5 percent increase relative to Current 

Projected. Note that 5 percent is applied to each of 3 different Active Management Areas (AMAs) in Central Arizona, which, combined 
with changes in acreage, results in an average difference from Current Projected that does not equal 5 percent. Other areas: 20 percent 
increase from Current Projected. 

3) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Annual population change is reduced by 35 percent relative to Current 
Projected.  

4) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Central Arizona: increase system loss to 10 percent (cannot exceed 
10 percent in AMAs); All other areas: increase gpcd by 10 percent to 2060 due to increased system loss. 

5) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. SSI is a function of population. 
6) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. No change in per-capita energy water use values from Current 

Projected (Water Resources Development Commission "moderate"). However, total energy use is reduced due to population reduction.  
7) No change from Current Projected. 
8) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Mainstem: National Wildlife Refuges increased use of 5 percent 

relative to Current Projected; Other areas: no change from Current Projected. 
9) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Mainstem: use ADWR tribal projection, which is less than the "Ten 

Tribes Partnership" assumption used in Current Projected; Central Arizona: no change from Current Projected; North Central and Navajo 
Nation: based on population estimates for the portions of the Navajo and Hopi Reservations located within the North Central portion of the 
Study Area. 

10) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. North Central: local supplies were calculated as the difference between 
the total demand and unmet demand; Central Yavapai Highlands and Upper San Pedro Study: based on information from Reclamation 
appraisal reports. Central AZ: AZ used internal models to estimate its demands met by Other Supplies and CAP deliveries. The remaining 
or unmet demands are represented as Potential Colorado River Basin demands, where CAP deliveries are a portion of potential Colorado 
River Demands in the Central AZ planning area. 

11) For planning areas other than Central AZ, all Colorado River demand is municipal. For Central AZ, based on recent distribution of CAP 
water (20110510 Basin Study AZCAPBreakout.xlsx). Approach was to start with recent distribution, and then make the change in 
distribution the same as the change in overall demands. This was done for Current Projected only. The values for all categories but M&I 
were then applied to all other scenarios, with M&I used as the makeup term. The formulas also were checked to make sure Colorado 
River demand was not greater than total demand for each category–if so, M&I makes up the difference. 

 



Colorado River Basin 
Water Supply And Demand Study 

C6-26 December 2012 

TABLE C6-4 
Total Demand within Study Area under Rapid Growth (C1) Scenario 

 
 

 

 

 

ARIZONA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 168 168 168 429 231 141 0 0 0 7 6 4 0.1 0.1 0.1 605 405 314 0 0 0 0 0 0 605 405 314 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.85 6.85 6.85 3.24 3.17 3.14 0.00 0.00 0.00 3.64 3.64 3.64 2.95 2.95 2.95 4.25 4.70 5.14 0.00 0.00 0.00 0.00 0.00 0.00 4.25 4.70 5.14 2
Consumptive factor [%] 61% 61% 61% 100% 100% 100% 0% 0% 0% 100% 100% 100% 100% 100% 100% 83% 76% 72% 0% 0% 0% 0% 0% 0% 83% 76% 72%
Demand (Consumptive) 703 703 703 1,389 731 443 0 0 0 27 22 15 0.4 0.4 0.4 2,120 1,456 1,161 0 0 0 0 0 0 2,120 1,456 1,161

Municipal and Industrial (M&I) Population [thousands] 313 513 675 6,685 10,738 14,452 106 137 159 263 402 514 99 137 171 7,467 11,926 15,971 12 16 20 12 16 20 7,479 11,942 15,991 3
M&I Per Capita Use (Diversion) [gpcd] 271 269 272 214 206 203 126 127 127 151 138 121 187 187 187 213 206 203 123 111 86 123 111 86 213 205 202 4

Consumptive factor [%] 66% 70% 72% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 98% 98% 98% 100% 100% 100% 100% 100% 100% 98% 98% 98%
M&I Demand (Consumptive) 63 108 149 1,603 2,481 3,290 15 19 23 45 62 70 21 29 36 1,746 2,699 3,567 2 2 2 2 2 2 1,748 2,701 3,569

Self Served Industrial Demand (Consumptive) 5 6 7 174 237 261 0 0 0 9 13 18 1 2 2 190 259 288 0 0 0 0 0 0 190 259 288 5
Demand (Consumptive) 68 114 156 1,777 2,718 3,551 15 19 23 54 75 88 22 31 38 1,936 2,957 3,855 2 2 2 2 2 2 1,938 2,959 3,857

Energy Demand (Consumptive) 0.4 0.7 1.0 86 143 187 0 0 0 0 0 0 0 0 0 87 144 188 0 0 0 0 0 0 87 144 188 6
Minerals Demand (Consumptive) 0 0 0 42 58 58 0 0 0 0 0 0 0 0 0 42 58 58 0 0 0 0 0 0 42 58 58 7
Fish, Wildlife, and Recreation Demand (Consumptive) 16 16 16 0 0 0 0.3 0.3 0.3 0 0 0 11 11 11 27 27 27 0.3 0.3 0.3 0.3 0.3 0.3 27 27 27 8
Tribal Demand (Consumptive) 552 556 556 535 732 703 17 73 124 0 0 0 0 0 0 1,103 1,360 1,382 38 55 71 38 55 71 1,141 1,415 1,453 9

Total Hydrologic Basin Demand (Consumptive) 1,339 1,389 1,431 3,829 4,382 4,942 32 92 147 81 97 102 33 42 49 5,315 6,002 6,671 40 57 73 40 57 73 5,355 6,059 6,744

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population [thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 1,339 1,389 1,431 3,829 4,382 4,942 32 92 147 81 97 102 33 42 49 5,315 6,002 6,671 40 57 73 40 57 73 5,355 6,059 6,744

Demand that may be met by Other Supplies 0 0 0 2,250 2,541 2,405 12 12 10 72 72 72 14 14 14 2,347 2,638 2,501 0 0 0 0 0 0 2,347 2,638 2,501 10

Potential Colorado River Demand 1,339 1,389 1,431 1,579 1,841 2,536 21 81 137 9 25 30 20 28 35 2,967 3,364 4,170 40 57 73 40 57 73 3,007 3,421 4,243
Agricultural Colorado River Demand 703 703 703 379 0 0 0 0 0 0 0 0 0 0 0 1,082 703 703 0 0 0 0 0 0 1,082 703 703 11
Municipal and Industrial Colorado River Demand 68 114 156 713 1,127 1,823 4 9 14 9 25 30 20 28 35 814 1,303 2,058 2 2 2 2 2 2 816 1,305 2,060
Energy Colorado River Demand 0.4 0.7 1.0 0.7 0.9 0.9 0 0 0 0 0 0 0 0 0 1 2 2 0 0 0 0 0 0 1 2 2
Minerals Colorado River Demand 0 0 0 42 53 54 0 0 0 0 0 0 0 0 0 42 53 54 0 0 0 0 0 0 42 53 54
Fish, Wildlife, and Recreation Colorado River Demand 16 16 16 0 0 0 0 0 0 0 0 0 0 0 0 16 16 16 0.3 0.3 0.3 0.3 0.3 0.3 16 16 16
Tribal Colorado River Demand 552 556 556 445 660 659 16 72 123 0 0 0 0 0 0 1,013 1,288 1,337 38 55 71 38 55 71 1,051 1,342 1,408

STATE TOTAL
Notes

Mainstem Central Arizona
North Central and 

Navajo Nation
Central Yavapai 

Highlands Upper San Pedro River
LOWER BASIN 

SUBTOTAL San Juan
UPPER BASIN 

SUBTOTAL



                                       Appendix C6 — Arizona Water Demand 
                                                                 Scenario Quantification 

December 2012 C6-27 

Notes 
1) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Central Arizona: faster land conversion (driven by population); Other 

areas: no change from Current Projected. 
2) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. No change from Current Projected (note that this is applied to each of 

3 different AMAs in Central Arizona, which, combined with changes in acreage, results in an average applied water rate that is slightly 
different from Current Projected). 

3) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Annual population change is increased by 35 percent relative to 
Current Projected.  

4) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. All areas: no change relative to Current Projected. Note that this is 
applied to each of 3 different AMAs in Central Arizona, which, combined with changes in population, results in an average gpcd that is 
slightly different from Current Projected; similarly, in Mainstem it is applied to individual contractors, so changes in population of 
individual contractors results in a slight change from Current Projected. 

5) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. SSI is a function of population. 
6) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Water Resources Development Commission "high" energy use value 

used–increased energy water use values from Current Projected. Note that these are per capita, so energy use is also affected by 
population. 

7) No change from Current Projected. 
8) No change from Current Projected. 
9) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Mainstem and Central Arizona: no change from Current Projected; 

Personal communication, Navajo Nation, Apr 16, 2012. North Central and Navajo Nation and San Juan: Nation provided demand 
schedules. 

10) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. North Central: local supplies were calculated as the difference 
between the total demand and unmet demand; Central Yavapai Highlands and Upper San Pedro Study: based on information from 
Reclamation appraisal reports. Central AZ: AZ used internal models to estimate its demands met by Other Supplies and CAP deliveries. 
The remaining or unmet demands are represented as Potential Colorado River Basin demands, where CAP deliveries are a portion of 
potential Colorado River Demands in the Central AZ planning area. 

11) For planning areas other than Central AZ, all Colorado River demand is municipal. For Central AZ, based on recent distribution of CAP 
water (20110510 Basin Study AZCAPBreakout.xlsx). Approach was to start with recent distribution, and then make the change in 
distribution the same as the change in overall demands. This was done for Current Projected only. The values for all categories but M&I 
were then applied to all other scenarios, with M&I used as the makeup term. The formulas also were checked to make sure Colorado 
River demand was not greater than total demand for each category–if so, M&I makes up the difference. 

 



Colorado River Basin 
Water Supply And Demand Study 

C6-28 December 2012 

TABLE C6-5 
Total Demand within Study Area under Rapid Growth (C2) Scenario 

 
 

 

 

 

ARIZONA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 168 168 168 429 231 141 0 0 0 7 6 4 0.1 0.1 0.1 605 405 314 0 0 0 0 0 0 605 405 314 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 7.92 7.92 7.92 3.19 3.01 2.98 0.00 0.00 0.00 2.91 2.91 2.92 2.33 2.33 2.33 4.50 5.05 5.63 0.00 0.00 0.00 0.00 0.00 0.00 4.50 5.05 5.63 2
Consumptive factor [%] 57% 57% 57% 100% 100% 100% 0% 0% 0% 100% 100% 100% 100% 100% 100% 79% 72% 68% 0% 0% 0% 0% 0% 0% 79% 72% 68%
Demand (Consumptive) 763 763 763 1,366 695 421 0 0 0 22 17 12 0.3 0.3 0.3 2,152 1,476 1,196 0 0 0 0 0 0 2,152 1,476 1,196

Municipal and Industrial (M&I) Population [thousands] 313 513 675 6,685 10,738 14,452 106 137 159 263 402 514 99 137 171 7,467 11,926 15,971 12 16 20 12 16 20 7,479 11,942 15,991 3
M&I Per Capita Use (Diversion) [gpcd] 280 251 228 209 177 162 123 113 101 151 138 124 183 167 150 208 178 163 123 111 86 123 111 86 208 178 163 4

Consumptive factor [%] 66% 69% 71% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 98% 98% 98% 100% 100% 100% 100% 100% 100% 98% 98% 98%
M&I Demand (Consumptive) 65 100 122 1,563 2,124 2,628 15 17 18 44 62 71 20 26 29 1,708 2,329 2,868 2 2 2 2 2 2 1,709 2,331 2,870

Self Served Industrial Demand (Consumptive) 5 6 7 174 237 261 0 0 0 9 13 18 1 2 2 190 258 287 0 0 0 0 0 0 190 258 287 5a, 5b
Demand (Consumptive) 70 106 129 1,737 2,361 2,889 15 17 18 54 75 89 22 28 31 1,897 2,588 3,156 2 2 2 2 2 2 1,899 2,590 3,158

Energy Demand (Consumptive) 0.4 0.5 0.7 82 107 132 0 0 0 0 0 0 0 0 0 82 107 133 0 0 0 0 0 0 82 107 133 6
Minerals Demand (Consumptive) 0 0 0 42 58 58 0 0 0 0 0 0 0 0 0 42 58 58 0 0 0 0 0 0 42 58 58 7
Fish, Wildlife, and Recreation Demand (Consumptive) 19 19 19 0 0 0 0.3 0.3 0.3 0 0 0 11 11 11 30 30 30 0.3 0.3 0.3 0.3 0.3 0.3 30 30 30 8
Tribal Demand (Consumptive) 552 555 555 535 712 672 17 73 124 0 0 0 0 0 0 1,103 1,340 1,351 38 55 71 38 55 71 1,141 1,395 1,422 9

Total Hydrologic Basin Demand (Consumptive) 1,405 1,444 1,467 3,761 3,932 4,172 32 90 142 75 93 101 33 39 42 5,306 5,598 5,924 40 57 73 40 57 73 5,346 5,655 5,997

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population [thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 1,405 1,444 1,467 3,761 3,932 4,172 32 90 142 75 93 101 33 39 42 5,306 5,598 5,924 40 57 73 40 57 73 5,346 5,655 5,997

Demand that may be met by Other Supplies 0 0 0 2,254 2,332 2,303 11 10 8 72 72 72 14 14 14 2,351 2,428 2,397 0 0 0 0 0 0 2,351 2,428 2,397 10

Potential Colorado River Demand 1,405 1,444 1,467 1,507 1,601 1,869 20 80 134 3 20 29 19 25 28 2,955 3,170 3,527 40 57 73 40 57 73 2,995 3,227 3,600
Agricultural Colorado River Demand 763 763 763 349 0 0 0 0 0 0 0 0 0 0 0 1,112 763 763 0 0 0 0 0 0 1,112 763 763 11
Municipal and Industrial Colorado River Demand 70 106 129 671 890 1,158 4 8 11 3 20 29 19 25 28 768 1,050 1,355 2 2 2 2 2 2 769 1,052 1,357
Energy Colorado River Demand 0.4 0.5 0.7 0.7 0.9 0.9 0 0 0 0 0 0 0 0 0 1 1 2 0 0 0 0 0 0 1 1 2
Minerals Colorado River Demand 0 0 0 42 51 53 0 0 0 0 0 0 0 0 0 42 51 53 0 0 0 0 0 0 42 51 53
Fish, Wildlife, and Recreation Colorado River Demand 19 19 19 0 0 0 0 0 0 0 0 0 0 0 0 19 19 19 0.3 0.3 0.3 0.3 0.3 0.3 19 19 19
Tribal Colorado River Demand 552 555 555 445 659 657 16 72 123 0 0 0 0 0 0 1,013 1,286 1,335 38 55 71 38 55 71 1,051 1,341 1,406

STATE TOTAL
Notes

Mainstem Central Arizona
North Central and 

Navajo Nation
Central Yavapai 

Highlands Upper San Pedro River
LOWER BASIN 

SUBTOTAL San Juan
UPPER BASIN 

SUBTOTAL



                                       Appendix C6 — Arizona Water Demand 
                                                                 Scenario Quantification 

December 2012 C6-29 

Notes 
1) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Central Arizona: faster land conversion (driven by population); Other 

areas: no change from Current Projected. 
2) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Mainstem: 5 percent decrease in water duties, but overall higher water 

duties result from consumptive use being higher for the same acreage. Central Arizona: 5 percent decrease relative to Current Projected 
(note that 5 percent is applied to each of 3 different AMAs in Central Arizona, which, combined with changes in acreage, results in an 
average difference from Current Projected that does not equal 5 percent). Other areas: 20 percent decrease from Current Projected. 

3) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Annual population change is increased by 35 percent relative to 
Current Projected.  

4) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. All areas: gpcd reduced annually by 0.44 percent. Note that this is 
applied to each of 3 different AMAs in Central Arizona, which, combined with changes in population, results in an average gpcd that 
changes at a slightly different rate than 0.44 percent; similarly, in Mainstem it is applied to individual contractors, so changes in population 
of individual contractors results in a slightly different rate than 0.44 percent. 

5) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. SSI is a function of population. 
6) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Water Resources Development Commission "low" energy use value 

used–decreased energy water use values from Current Projected. Note that these are per capita, so energy use is also affected by 
population. 

7) No change from Current Projected. 
8) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Mainstem: recreation contractors use full entitlement, no change to 

National Wildlife Refuges; Other areas: no change from Current Projected. 
9) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Mainstem and Central Arizona: no change from Current Projected; 

Personal communication, Navajo Nation, Apr 16, 2012. North Central and Navajo Nation and San Juan: Nation provided demand 
schedules. 

10) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. North Central: local supplies were calculated as the difference between 
the total demand and unmet demand; Central Yavapai Highlands and Upper San Pedro Study: based on information from Reclamation 
appraisal reports. Central AZ: AZ used internal models to estimate its demands met by Other Supplies and CAP deliveries. The remaining 
or unmet demands are represented as Potential Colorado River Basin demands, where CAP deliveries are a portion of potential Colorado 
River Demands in the Central AZ planning area. 

11) For planning areas other than Central AZ, all Colorado River demand is municipal. For Central AZ, based on recent distribution of CAP 
water (20110510 Basin Study AZCAPBreakout.xlsx). Approach was to start with recent distribution, and then make the change in 
distribution the same as the change in overall demands. This was done for Current Projected only. The values for all categories but M&I 
were then applied to all other scenarios, with M&I used as the makeup term. The formulas also were checked to make sure Colorado 
River demand was not greater than total demand for each category–if so, M&I makes up the difference. 



Colorado River Basin 
Water Supply And Demand Study 

C6-30 December 2012 

TABLE C6-6 
Total Demand within Study Area under Enhanced Environment (D1) Scenario 

 
 

 

 

 

ARIZONA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 168 168 168 447 288 189 0 0 0 7 6 4 0.1 0.1 0.1 623 462 361 0 0 0 0 0 0 623 462 361 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.85 6.85 6.85 3.24 3.21 3.16 0.00 0.00 0.00 3.64 3.64 3.64 2.95 2.95 2.95 4.22 4.54 4.88 0.00 0.00 0.00 0.00 0.00 0.00 4.22 4.54 4.88 2
Consumptive factor [%] 61% 61% 61% 100% 100% 100% 0% 0% 0% 100% 100% 100% 100% 100% 100% 83% 79% 75% 0% 0% 0% 0% 0% 0% 83% 79% 75%
Demand (Consumptive) 703 703 703 1,449 924 596 0 0 0 27 22 15 0.4 0.4 0.4 2,179 1,649 1,314 0 0 0 0 0 0 2,179 1,649 1,314

Municipal and Industrial (M&I) Population [thousands] 298 434 528 6,348 9,086 11,305 101 116 125 250 340 402 94 116 134 7,091 10,091 12,493 12 16 20 12 16 20 7,103 10,107 12,513 3
M&I Per Capita Use (Diversion) [gpcd] 260 221 186 210 181 163 121 101 94 148 124 100 179 150 120 209 180 161 123 111 86 123 111 86 208 179 161 4

Consumptive factor [%] 66% 67% 67% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 98% 98% 98% 100% 100% 100% 100% 100% 100% 98% 98% 98%
M&I Demand (Consumptive) 57 72 74 1,497 1,843 2,064 14 13 13 41 47 45 19 19 18 1,627 1,995 2,214 2 2 2 2 2 2 1,629 1,997 2,216

Self Served Industrial Demand (Consumptive) 5 6 6 170 220 233 0 0 0 9 13 18 1 2 2 186 242 259 0 0 0 0 0 0 186 242 259 5a, 5b
Demand (Consumptive) 62 78 80 1,666 2,063 2,297 14 13 13 51 60 63 20 22 20 1,813 2,236 2,473 2 2 2 2 2 2 1,814 2,238 2,475

Energy Demand (Consumptive) 0.4 0.5 0.5 78 91 105 0 0 0 0 0 0 0 0 0 78 92 106 0 0 0 0 0 0 78 92 106 6
Minerals Demand (Consumptive) 0 0 0 42 58 58 0 0 0 0 0 0 0 0 0 42 58 58 0 0 0 0 0 0 42 58 58 7
Fish, Wildlife, and Recreation Demand (Consumptive) 78 78 78 0 0 0 0.3 0.3 0.3 0 0 0 11 11 11 89 89 89 0.3 0.3 0.3 0.3 0.3 0.3 90 90 90 8
Tribal Demand (Consumptive) 552 556 556 535 694 688 0.7 0.8 0.8 0 0 0 0 0 0 1,087 1,251 1,244 44 43 43 44 43 43 1,131 1,294 1,287 9

Total Hydrologic Basin Demand (Consumptive) 1,396 1,415 1,418 3,769 3,831 3,743 15 14 14 78 82 77 31 33 31 5,289 5,375 5,284 46 46 46 46 46 46 5,334 5,421 5,330

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population [thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 1,396 1,415 1,418 3,769 3,831 3,743 15 14 14 78 82 77 31 33 31 5,289 5,375 5,284 46 46 46 46 46 46 5,334 5,421 5,330

Demand that may be met by Other Supplies 0 0 0 2,248 2,074 1,807 11 8 6 72 72 72 14 14 14 2,344 2,168 1,899 0 0 0 0 0 0 2,344 2,168 1,899 10

Potential Colorado River Demand 1,396 1,415 1,418 1,521 1,757 1,936 4 6 8 6 10 5 18 19 18 2,945 3,208 3,385 46 46 46 46 46 46 2,990 3,253 3,431
Agricultural Colorado River Demand 703 703 703 333 0 0 0 0 0 0 0 0 0 0 0 1,036 703 703 0 0 0 0 0 0 1,036 703 703 11
Municipal and Industrial Colorado River Demand 62 78 80 701 1,045 1,224 4 6 8 6 10 5 18 19 18 791 1,158 1,335 2 2 2 2 2 2 792 1,160 1,337
Energy Colorado River Demand 0.4 0.5 0.5 0.7 0.9 0.9 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 1 1 1
Minerals Colorado River Demand 0 0 0 42 53 53 0 0 0 0 0 0 0 0 0 42 53 53 0 0 0 0 0 0 42 53 53
Fish, Wildlife, and Recreation Colorado River Demand 78 78 78 0 0 0 0 0 0 0 0 0 0 0 0 78 78 78 0.3 0.3 0.3 0.3 0.3 0.3 79 79 79
Tribal Colorado River Demand 552 556 556 445 658 658 0 0 0 0 0 0 0 0 0 997 1,214 1,213 44 43 43 44 43 43 1,041 1,257 1,257

STATE TOTAL
Notes

Mainstem Central Arizona
North Central and 

Navajo Nation
Central Yavapai 

Highlands Upper San Pedro River
LOWER BASIN 

SUBTOTAL San Juan
UPPER BASIN 

SUBTOTAL



                                        Appendix C6 — Arizona Water Demand 
                                                                  Scenario Quantification 

December 2012 C6-31 

Notes 
1) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. All areas: no change from Current Projected. 
2) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. No change from Current Projected. Note that this is applied to each of 

3 different AMAs in Central Arizona, which, combined with changes in acreage. Results in an average applied water rate that is slightly 
different from Current Projected. 

3) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. No change from Current Projected.  
4) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. All areas: gpcd reduced annually by 0.88 percent, with lower limit of 

100 gpcd. Note that this is applied to each of 3 different AMAs in Central Arizona, which, combined with changes in population, results in 
an average gpcd that changes at a slightly different rate than 0.44 percent; similarly, in Mainstem it is applied to individual contractors, so 
changes in population of individual contractors results in a slightly different rate than 0.44 percent. There is an exception for Central 
Arizona and North Central and Navajo Nation in 2060, where gpcd was calculated as a 22.5 percent reduction from 2015 levels. 

5) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. SSI is a function of population. 
6) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Water Resources Development Commission "low" energy use value 

used–decreased energy water use values from Current Projected. Note that these are per capita, so energy use is also affected by 
population. There is an exception for Central Arizona, where a 5.6 percent reduction from the Scenario A is realized in 2035 and a 10 
percent reduction in 2060. 

7) No change from Current Projected. 
8) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Mainstem: National Wildlife Refuges use full entitlement; Other areas: 

no change from Current Projected. 
9) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. No change from Current Projected. 

10) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. North Central: local supplies were calculated as the difference 
between the total demand and unmet demand; Central Yavapai Highlands and Upper San Pedro Study: based on information from 
Reclamation appraisal reports. Central AZ: AZ used internal models to estimate its demands met by Other Supplies and CAP deliveries. 
The remaining or unmet demands are represented as Potential Colorado River Basin demands, where CAP deliveries are a portion of 
potential Colorado River Demands in the Central AZ planning area. 

11) For planning areas other than Central AZ, all Colorado River demand is municipal. For Central AZ, based on recent distribution of CAP 
water (20110510 Basin Study AZCAPBreakout.xlsx). Approach was to start with recent distribution, and then make the change in 
distribution the same as the change in overall demands. This was done for Current Projected only. The values for all categories but M&I 
were then applied to all other scenarios, with M&I used as the makeup term. The formulas also were checked to make sure Colorado 
River demand was not greater than total demand for each category–if so, M&I makes up the difference. 
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TABLE C6-7 
Total Demand within Study Area under Enhanced Environment (D2) Scenario 

 
 

 

 

 

ARIZONA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 168 168 168 429 231 141 0 0 0 7 6 4 0.1 0.1 0.1 605 405 314 0 0 0 0 0 0 605 405 314 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 6.51 6.51 6.51 3.19 3.01 2.98 0.00 0.00 0.00 2.91 2.91 2.92 2.33 2.33 2.33 4.11 4.46 4.87 0.00 0.00 0.00 0.00 0.00 0.00 4.11 4.46 4.87 2
Consumptive factor [%] 61% 61% 61% 100% 100% 100% 0% 0% 0% 100% 100% 100% 100% 100% 100% 83% 76% 72% 0% 0% 0% 0% 0% 0% 83% 76% 72%
Demand (Consumptive) 668 668 668 1,366 695 421 0 0 0 22 17 12 0.3 0.3 0.3 2,056 1,380 1,101 0 0 0 0 0 0 2,056 1,380 1,101

Municipal and Industrial (M&I) Population [thousands] 313 513 675 6,685 10,738 14,452 106 137 159 263 402 514 99 137 171 7,467 11,926 15,971 12 16 20 12 16 20 7,479 11,942 15,991 3
M&I Per Capita Use (Diversion) [gpcd] 261 220 182 209 177 162 121 101 100 148 124 100 179 150 120 207 176 160 123 111 86 123 111 86 207 175 160 4

Consumptive factor [%] 66% 68% 69% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 98% 98% 98% 100% 100% 100% 100% 100% 100% 98% 98% 98%
M&I Demand (Consumptive) 60 85 94 1,563 2,124 2,628 14 15 18 44 56 58 20 23 23 1,701 2,304 2,821 2 2 2 2 2 2 1,703 2,306 2,823

Self Served Industrial Demand (Consumptive) 5 6 7 174 237 261 0 0 0 9 13 18 1 2 2 190 258 287 0 0 0 0 0 0 190 258 287 5a, 5b
Demand (Consumptive) 65 91 101 1,737 2,361 2,889 14 15 18 53 69 75 21 25 25 1,891 2,562 3,108 2 2 2 2 2 2 1,892 2,564 3,110

Energy Demand (Consumptive) 0.4 0.5 0.7 82 107 132 0 0 0 0 0 0 0 0 0 82 107 133 0 0 0 0 0 0 82 107 133 6
Minerals Demand (Consumptive) 0 0 0 42 58 58 0 0 0 0 0 0 0 0 0 42 58 58 0 0 0 0 0 0 42 58 58 7
Fish, Wildlife, and Recreation Demand (Consumptive) 79 79 79 0 0 0 0.3 0.3 0.3 0 0 0 11 11 11 91 91 91 0.3 0.3 0.3 0.3 0.3 0.3 91 91 91 8
Tribal Demand (Consumptive) 552 555 555 535 702 700 17 73 124 0 0 0 0 0 0 1,103 1,330 1,379 38 55 71 38 55 71 1,141 1,385 1,450 9

Total Hydrologic Basin Demand (Consumptive) 1,365 1,395 1,405 3,761 3,923 4,200 31 88 142 74 86 87 32 36 36 5,264 5,529 5,870 40 57 73 40 57 73 5,305 5,586 5,943

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population [thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 1,365 1,395 1,405 3,761 3,923 4,200 31 88 142 74 86 87 32 36 36 5,264 5,529 5,870 40 57 73 40 57 73 5,305 5,586 5,943

Demand that may be met by Other Supplies 0 0 0 2,204 2,138 2,029 11 9 7 72 72 72 14 14 14 2,301 2,233 2,122 0 0 0 0 0 0 2,301 2,233 2,122 10

Potential Colorado River Demand 1,365 1,395 1,405 1,557 1,785 2,171 20 79 134 2 14 15 19 23 23 2,963 3,296 3,747 40 57 73 40 57 73 3,003 3,353 3,821
Agricultural Colorado River Demand 668 668 668 339 0 0 0 0 0 0 0 0 0 0 0 1,007 668 668 0 0 0 0 0 0 1,007 668 668 11
Municipal and Industrial Colorado River Demand 65 91 101 731 1,071 1,457 4 7 12 2 14 15 19 23 23 821 1,206 1,607 2 2 2 2 2 2 823 1,208 1,609
Energy Colorado River Demand 0.4 0.5 0.7 0.8 0.9 0.9 0 0 0 0 0 0 0 0 0 1 1 2 0 0 0 0 0 0 1 1 2
Minerals Colorado River Demand 0 0 0 42 54 54 0 0 0 0 0 0 0 0 0 42 54 54 0 0 0 0 0 0 42 54 54
Fish, Wildlife, and Recreation Colorado River Demand 79 79 79 0 0 0 0 0 0 0 0 0 0 0 0 79 79 79 0.3 0.3 0.3 0.3 0.3 0.3 80 80 80
Tribal Colorado River Demand 552 555 555 445 659 658 16 72 123 0 0 0 0 0 0 1,013 1,286 1,337 38 55 71 38 55 71 1,051 1,341 1,408

STATE TOTAL
Notes

Mainstem Central Arizona
North Central and 

Navajo Nation
Central Yavapai 

Highlands Upper San Pedro River
LOWER BASIN 

SUBTOTAL San Juan
UPPER BASIN 

SUBTOTAL
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Notes 
1) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Central Arizona: faster land conversion (driven by population); Other 

areas: no change from Current Projected. 
2) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Central Arizona and Mainstem: 5 percent decrease relative to Current 

Projected. Note that 5 percent is applied to each of 3 different AMAs in Central Arizona, which, combined with changes in acreage, 
results in an average difference from Current Projected that does not equal 5 percent. Other areas: 20 percent decrease from Current 
Projected. 

3) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Annual population change is increased by 35 percent relative to 
Current Projected.  

4) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. All areas: gpcd reduced annually by 0.88 percent, with lower limit of 
100 gpcd. Note that this is applied to each of 3 different AMAs in Central Arizona, which, combined with changes in population, results in 
an average gpcd that changes at a slightly different rate than 0.44 percent; similarly, in Mainstem it is applied to individual contractors, so 
changes in population of individual contractors results in a slightly different rate than 0.44 percent. 

5) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. SSI is a function of population. 
6) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Water Resources Development Commission "low" energy use value 

used–decreased energy water use values from Current Projected. Note that these are per capita, so energy use is also affected by 
population. 

7) No change from Current Projected. 
8) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Mainstem: National Wildlife Refuges use full entitlement; Other areas: 

no change from Current Projected. 
9) Personal communication, ADWR, Dec 3, 2011, and Feb 22, 2012. Mainstem and Central Arizona: no change from Current Project; 

Personal communication, Navajo Nation, Apr 16, 2012. North Central and Navajo Nation and San Juan: Nation provided demand 
schedules. 

10) Personal communication, ADWR Dec 3, 2011, and Feb 22, 2012. North Central: local supplies were calculated as the difference 
between the total demand and unmet demand; Central Yavapai Highlands and Upper San Pedro Study: based on information from 
Reclamation appraisal reports. Central AZ: AZ used internal models to estimate its demands met by Other Supplies and CAP deliveries. 
The remaining or unmet demands are represented as Potential Colorado River Basin demands, where CAP deliveries are a portion of 
potential Colorado River Demands in the Central AZ planning area. 

11) For planning areas other than Central AZ, all Colorado River demand is municipal. For Central AZ, based on recent distribution of CAP 
water (20110510 Basin Study AZCAPBreakout.xlsx). Approach was to start with recent distribution, and then make the change in 
distribution the same as the change in overall demands. This was done for Current Projected only. The values for all categories but M&I 
were then applied to all other scenarios, with M&I used as the makeup term. The formulas also were checked to make sure Colorado 
River demand was not greater than total demand for each category–if so, M&I makes up the difference. 
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Appendix C7 ─ California Water Demand 
Scenario Quantification 

1.0 Introduction 
This appendix summarizes the data sources used in scenario quantification for Colorado River 
demand1 for the state of California and presents the results of quantification. As presented in 
figure C7-1, California is divided into two planning areas in the hydrologic basin (Mainstem and 
Palo Verde Irrigation District [PVID]), and three planning areas in the adjacent area that are 
served by Colorado River water (Metropolitan Water District of Southern California [MWD], 
Coachella Valley Water District [CVWD], and Imperial Irrigation District [IID]). Data collection 
and development were completed at the planning area level. 

The following sections present background information that summarizes the planning areas as 
well as data sources used to quantify demand scenarios by category. Following the background 
section, results of demand scenario quantification are presented. The results section is broken out 
into a California Study Area summary, followed by Colorado River demand by geography, and 
finally by category. 

2.0 Background 
The Colorado River Board (CRB) of California was established in 1937 and coordinates efforts 
among its members in planning for future Colorado River water demands. CRB has developed 
plans such as the draft California’s Colorado River Water Use Plan (CRB, 2000). 

CRB and member agencies coordinated California’s efforts to provide information for scenario 
quantification. These efforts largely relied on information previously generated through regional 
plans and demographic studies. However, new assumptions and/or data development were 
required where the assumptions of the Colorado River Basin Water Demand and Supply Study 
(Study) required information not developed as part of the regional planning effort.  

2.1 Data Sources for Quantification 
This section discusses data sources for demand quantification by use category. Some category 
projections were based on relevant parameter data, while other category projections were 
developed directly as water demand. Sources include state, regional, and national agency reports. 

• Agricultural Demand: Agricultural parameters and demand were derived differently for 
each planning area. For PVID, irrigated acreage and demand were derived from personal 
communication (PVID, 2011), and water delivery per acre was calculated based on 
acreage, consumptive demand, and a consumptive factor.  

                                                 
1 Colorado River demand as computed by Study Area demand minus other supplies. 
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FIGURE C7-1 
Colorado River Hydrologic Basin and Export Service Areas in California 
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For Mainstem, agricultural demand was provided by personal communication with CRB 
(CRB, 2011), water delivery per acre was assumed to be the same as PVID, and acreage 
was calculated based on demand, water delivery per acre, and a consumptive factor.  

For IID, irrigated acres were derived from IID Crop Report (IID, 2011a), demand was 
derived from exhibit B of the Colorado River Water Delivery Agreement (Secretary of 
the Interior, 2003), and water delivery per acre was calculated.  

For MWD, agricultural demand was derived from MWD’s The Regional Urban Water 
Management Plan (MWD, 2010), and water delivery per acre was based on an irrigated 
acreage estimate from Southern California Association of Governments (2005) and 
San Diego Association of Governments (2007) data. Demands in 2060 are assumed to 
be the same as 2010.  

For CVWD, demand was derived from the Coachella Valley Water Management Plan 
(CVWMP) (CVWD, 2010a), water delivery per acre was calculated based on 2010 
acreage reported in 2010 Crop and Water Report (CVWD, 2010b) and assumed to be 
constant through time, and acreage was then calculated based on demand and water 
delivery per acre.  

• Municipal and Industrial (M&I): M&I parameters and demand were derived 
differently for each planning area. For PVID there is no M&I demand. 

For Mainstem, population was derived from 2010 census data. Consumptive demand was 
derived from the Colorado River Simulation System (CRSS), and per capita usage was 
calculated based on an assumed consumptive factor. 

For IID, population was derived from IID Integrated Regional Water Planning 
(preliminary data); per capita use was based on 2011 population and demand; and 
demand was calculated as population times per capita use.  

For MWD, population and demands were derived from The Regional Urban Water 
Management Plan (MWD, 2010), for 2015 and 2035 and from the Report of the Blue 
Ribbon Committee for 2060 (Blue Ribbon Committee, 2011), and per capita usage was 
calculated.  

For CVWD, population, M&I demands, and self-served industrial (SSI) demands were 
derived from CVWMP (CVWD, 2010a), and per capita usage was calculated.  

• Energy: IID energy demands were derived from IID Integrated Regional Water 
Management Planning (preliminary data; IID, 2011b).  

• Minerals: There are no reported Colorado River minerals demands in California.  

• Fish, Wildlife, and Recreation: Fish, wildlife, and recreation demands were derived 
from personal communication with IID (2011b), the Bureau of Land Management 
(2012), and from the CVWMP table 3-2 (CVWD, 2010a). 

• Tribal: Tribal demands for the Mainstem area were derived from discussions with 
federally recognized tribes and Bureau of Reclamation’s (Reclamation) 2005 to 2009 
Decree Accounting Report (Reclamation, 2007 and 2010).  
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3.0 Results of Water Demand Scenario Quantification 
This section summarizes California’s Colorado River water demand trends by category across 
the initial scenarios. The purpose of this section is to describe changes in demands, both 
temporally and geographically, parameters that influence changes in demands, and how the 
parameters and demands differ among scenarios.  

Demands were first developed for areas that may be potentially served by Colorado River water 
(Study Area demands), independent of the source of supply. However, for areas outside of the 
hydrologic basin, a portion of the Study Area demand is satisfied from other supplies such as the 
California State Water Project (MWD and CVWD) and local groundwater (MWD and CVWD). 
To develop estimates of the Colorado River demand, the Study Area demand was reduced by 
estimates of the demand that may be met by supplies from other sources. This appendix focuses 
on Colorado River demands, but includes discussion of the Study Area parameters that led to 
these demands. 

The following sections summarize the results of demand scenario quantification, presenting 
Study Area demand and Colorado River water demand, Colorado River Demand for the state and 
individual planning areas across the six scenarios, and Colorado River water demand by category 
across the six scenarios. Parameters and demands for all categories and all scenarios, along with 
references for data sources, are included. 

3.1 Summary Results of Scenario Quantification 
Values were developed for Study Area parameters to quantify Study Area demand for each of 
the scenarios. Colorado River demand was calculated as Study Area demand minus the demand 
that may be met by supplies from other sources. Table C7-1 presents summary results for the 
demand scenarios considered in the Study. The table presents agricultural and M&I demand 
parameters for the entire Study Area that distinguish the scenarios, the resulting Study Area 
demands, and finally the Colorado River demands by category. Because demands that may be 
met by supplies from other sources may vary among scenarios, trends observed in the parameters 
and Study Area demands may not be reflected identically in Colorado River demand trends.  

The California agencies estimate that about 20.4 million people will reside in California’s Study 
Area by 2015. This number is expected to change to 19.8 to 34.6 million by 2060. The greatest 
population growth is associated with the Rapid Growth (C1 and C2) Scenarios. The Slow 
Growth (B) scenario has the lowest population growth of the scenarios in 2035 and an overall 
population decline to 19.8 million by 2060, reflecting a shift of population from the Study Area 
to other areas of the state.  

The growing municipal population, however, will continue to be more efficient in its per capita 
water use than today. Per capita water use, based on passive or existing conservation targets or 
continuing implementation of utility-funded conservation, is expected to be 9 to 18 percent less 
in 2060 than in 2015. Usage rates and per capita reductions vary across California’s 
planning areas.  

Under all scenarios, irrigated acreage is projected to decrease by about 16,000 acres through 
2060, representing a 2 percent decrease. Water delivery per acre is projected to decline slightly 
across all scenarios. Due to variability across the planning area, these changes result in a 3 
percent decline in agricultural demand in the Study Area.  
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TABLE C7-1  
Summary Results of California Water Demand Scenario Quantification by 2060 

Key Study Area Demand Scenario Parameters 

 20151  
2060 Scenario Parameters 

A B C1 C2 D1 D2 
Population (millions) 20.4 27.6 19.8 34.6 34.6 27.6 34.6 
Change in per capita water usage (%), 
from 2015 — –12% –9% –13% –13% –18% –13% 

Irrigated acreage (millions of acres) 0.71 0.69 0.69 0.69 0.69 0.69 0.69 

Change in per acre water delivery (%), 
from 2015 — –1% –1% –1% –1% –1% –1% 

Study Area Demand (thousand acre-feet [kaf]) 

 20151  
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 3,519 3,414 3,414 3,414 3,414 3,414 3,414 
M&I demand2 4,117 5,312 4,035 6,435 6,426 4,961 6,426 
Energy demand 52–61 157 157 285 160 139 139 
Minerals demand 0 0 0 0 0 0 0 
FWR demand 126 36.1 36.1 36.1 37.9 39.1 39.1 

Tribal demand 92 92 92 92 92 92 92 
Total Study Area Demand 7,908 9,011 7,734 10,261 10,129 8,645 10,110 

Colorado River Demand (kaf) 

 20151  
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 3,230 3,159 3,158 3,159 3,159 3,158 3,158 
M&I demand2 1,481 1,765 1,744 1,770 1,760 1,744 1,760 
Energy demand 52–61 156 156 284 159 138 139 
Minerals demand 0 0 0 0 0 0 0 

FWR demand 124 31.7 31.7 31.7 33.5 34.7 34.7 
Tribal demand 92 92 92 92 92 92 92 
Total Colorado River Demand 4,979 5,203 5,182 5,336 5,203 5,168 5,184 
1 If range across scenarios is less than 10 percent, Current Projected (A) is presented. Otherwise, range (min – max) is 

presented. 
2 M&I totals equal sum of M&I (parameter-based) and "other" categories. 
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Study Area demand for energy is projected to increase under all scenarios due to the growing 
need for energy sources (solar and geothermal). The greatest increases in Study Area demand 
for energy are anticipated in the IID planning area, ranging from 95 thousand acre-feet (kaf) to 
139 kaf. A notable increase of 85 kaf also occurs in the Mainstem planning area under the Rapid 
Growth (C1) scenario.  

There is no reported Study Area demand for minerals extraction under the scenarios analyzed for 
the Study.  

Study Area demands for tribal use are projected to remain constant through time across all 
scenarios. For additional information on tribal demands, see appendix C9. 

Figure C7-2 presents demands across the scenarios in three panels as follows: 1) Study Area 
demand with other supplies and Colorado River demand identified, 2) Colorado River demand, 
and 3) change in Colorado River demand by demand category.  

From panel one it can be seen that Study Area demand changes from about 7.9 million acre-feet 
(maf) in 2015 to between 7.7 and 10.3 maf in 2060. Between 33 and 49 percent of the 2060 
Study Area demand may be met by supplies from other sources. 

Panel two provides a view of the range across scenarios of Colorado River demand. This demand 
increases from about 5.0 maf in 2015 to between 5.2 and 5.3 maf in 2060 (or 4 to 7 percent), 
depending on the scenario. This difference results in a Colorado River demand range of about 
168 kaf across the scenarios in 2060, or 3 percent.  

Panel three shows how specific categories affect the projected change in Colorado River demand 
by scenario. Growth in M&I and energy demand across all scenarios are offset by decreases in 
agricultural demand and demand for fish, wildlife, and recreation.  

Figure C7-3 ties historical water use to the range of Colorado River demand in the quantified 
scenarios. The 168 kaf range across scenarios in 2060 is easily discernible, with a relatively even 
spread over the range across the scenarios. In addition, it appears that the quantified scenarios 
track well with the peaks in historical uses that likely represent the least supply limited 
conditions or actual demand.  

3.2 Colorado River Water Demand by Geography  
Colorado River water demand for areas served by the Colorado River is presented in 
figures C7-4 and C7-5. These figures show two geographic levels: Study Area in California, and 
individual planning areas. Demands at each geographic level are shown across the scenarios. The 
columns to the right show the Colorado River demand at a point in time (2015, 2035, or 2060) by 
relative contribution of the categories.  

The greatest Colorado River demand2 in California is in the IID planning area, followed by 
MWD. Lesser demands exist in CVWD, PVID, and Mainstem planning areas. Demand 
categories vary across planning areas, with IID and PVID being primarily agricultural and MWD 
being primarily M&I. Demands in the Mainstem area are primarily tribal, and demands in 
CVWD are a mix of agricultural and M&I.  

                                                 
2 Potential Colorado River demand is based on changes in parameters such as population and for the purpose of the Study is not 
   limited by apportionment.  
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FIGURE C7-2 
Study Area, Colorado River, and Change in Colorado River Demand 
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FIGURE C7-3 
Historical Use and Future Projected Demand 
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FIGURE C7-4 
Colorado River Demand in California 
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FIGURE C7-5 
Colorado River Demand by Category 
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Figure C7-6 shows the change in Colorado River demand by category from 2015 across the 
scenarios. Increase in Colorado River demand is driven by increases in M&I demands (primarily 
in CVWD) and energy demands (primarily in IID). These are partially offset by decreases in 
agricultural (primarily in CVWD) and fish, wildlife, and recreation (primarily in IID) demands.  

3.3 Colorado River Demand by Category 

3.3.1 Agriculture 
Agricultural water demand is driven by irrigated acreage and water delivery per acre. Water 
delivery per acre is the amount of water diverted per irrigated acre. Components of this use 
include transmission and delivery losses (surface evaporation, riparian demand, seepage, and 
canal spills), and on-farm losses that are made up of evaporation, crop irrigation requirements, 
and tail and tile water (return). Each of these factors will vary by location (precipitation, growing 
season, etc.), irrigation method, and crop type.  

Figure C7-7 presents the following by scenario in 2015, 2035, and 2060:  

• Agricultural demand for Colorado River water 

• Agricultural demand for Colorado River water by planning area 

• Agricultural demand as a portion of Colorado River water demand (right hand side 
of graph) 

As can be seen from figure C7-7, agricultural water demand is the largest component of 
Colorado River demand in California, dropping from about 65 percent in 2015 to between 59 and 
61 percent in 2060, depending on which scenario is considered. This drop results from both a 
decrease in agricultural water demand and an increase in other categories of demand, principally 
M&I. 

Colorado River demand for agricultural use decreases over time from 2015 to 2060 in all 
scenarios. The decreases are primarily due to a loss of irrigated acreage as water delivery 
per acre decreases slightly across all scenarios.  

In examining the planning areas, agricultural demand consistently decreases in all scenarios in 
the CVWD and IID and increases in all scenarios in PVID, with variability in planning area to 
planning area in the remaining scenarios. Agricultural demand for the Mainstem area is constant 
across all scenarios. More than 2.5 maf, or 80 percent, of California’s agricultural demand is 
projected to occur in IID in 2060.  

A strong driver for loss of agricultural acreage is urbanization, leading to physical loss of 
acreage.  
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FIGURE C7-6 
Change in Colorado River Demand in California from 2015 by Category 
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FIGURE C7-7 
Change in Colorado River Demand in California from 2015 for Agriculture 
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3.3.2 Municipal and Industrial 
M&I water demand can be estimated from population and M&I per capita use, with the addition 
of SSI demand. M&I per capita use is a measure of the amount of water produced or diverted per 
person in a given municipality. Because this measure examines all water produced by a given 
municipality, it often includes industrial, commercial, and institutional demand as well as 
residential demand. A number of factors may influence the M&I per capita use of a given 
community, including the amount of industrial demand, climate, number of institutional 
facilities, and number of visitors.  

SSI are industries located in a given area that have their own water supply systems and are 
therefore not directly related to local measures of population and M&I per capita water use. 

Figure C7-8 presents the following by scenario in 2015, 2035, and 2060:  

• M&I demand for Colorado River water in the Study Area 

• M&I demand for Colorado River water in individual planning areas 

• M&I demand as a portion of Colorado River water demand (right hand side of graph) 
As can be seen from figure C7-8, M&I water demand is the second largest component of 
Colorado River demand, increasing from about 30 percent in 2015 to between 33 and 34 percent 
of Colorado River demand in 2060, depending on which scenario is considered. 

Colorado River demand for M&I use increases over time from 2015 to 2060 across all scenarios. 
The increase is primarily due to population increase as Study Area M&I per capita use decreases 
over time across all scenarios and SSI demand is less than 10 percent of M&I demand.  

In examining the planning areas, about 75 percent of the increase in M&I demand for Colorado 
River water from 2015 to 2060 over time is due to population increase in CVWD. The remaining 
increase in demand is primarily from M&I demand in the IID service area, with a small increase 
in the Mainstem planning area. While these planning areas show the greatest increase, MWD 
represents 71 percent of the total M&I demand. Population growth occurs in the MWD planning 
area, but growth in Colorado River demand is limited by existing infrastructure and remaining 
demands will be met by supplies from other sources.  

Increases in population are somewhat tempered by decreases in M&I per capita use. Per capita 
water use decreases in all scenarios with reductions ranging from 9 to 18 percent by 2060. 

3.3.3 Energy 
Water demand for energy can be estimated through known plans for new power plants or 
through applying a per capita energy water use factor. Power facilities often serve areas remote 
from their locations.  

Figure C7-9 presents the following by scenario in 2015, 2035, and 2060:  

• Energy demand for Colorado River water 

• Individual planning area energy demand for Colorado River water 

• Energy demand as a portion of Colorado River water demand (right hand side of graph) 
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FIGURE C7-8 
Change in Colorado River Demand in California from 2015 for M&I 
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FIGURE C7-9 
Change in Colorado River Demand in California from 2015 for Energy 
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As can be seen from figure C7-9, energy water demand is a small fraction of Colorado River 
demand, increasing from 1 percent in 2015 to between 2.7 and 5 percent of demand in 2060, 
depending on which scenario is considered. 

Energy demand for Colorado River water increases over time from 2015 to 2060 across all 
scenarios with notable increases for the Rapid Growth (C1) scenario.  

Energy demands are shown only in the IID and Mainstem planning areas. Consistent increases 
occur in the IID planning area across all scenarios. The Mainstem planning area shows 
significant increases in energy demand in the Rapid Growth (C1) scenario and nominal decreases 
in the remaining scenarios. Growth in the IID planning area represents all of the increase in 
energy demand for water in all scenarios but the Rapid Growth (C1) scenario, where growth in 
the IID planning area is about 60 percent of the total growth. The water demand increases for 
energy are primarily due to expansion of geothermal and solar energy. 

3.3.4 Minerals Extraction 
California does not report use of Colorado River water for minerals extraction. 

3.3.5 Fish, Wildlife, and Recreation 
Water demand for fish, wildlife, and recreation is estimated from existing agreements or known 
consumptive use associated with this demand category. Non-consumptive demands associated 
with fish, wildlife, and recreation are represented through the metrics portion of the Study 
presented in Technical Report D – System Reliability Metrics. 

Figure C7-10 presents the following by scenario in 2015, 2035, and 2060:  

• Change in fish, wildlife, and recreation demand for Colorado River water 

• Change in fish, wildlife, and recreation demand for Colorado River water in individual 
planning areas 

• Fish, wildlife, and recreation demand as a portion of Colorado River demand (right hand 
side of graph) 

As can be seen from figure C7-10, fish, wildlife, and recreation water demand is a small fraction 
of Colorado River demand, decreasing from 2.5 percent in 2015 to between 0.6 and 0.7 percent 
of Colorado River demand in 2060 across all scenarios. 

Total decrease in fish, wildlife, and recreation demands is about 90 kaf. These decreases are 
dominated by decreases in the IID planning area associated with the Salton Sea mitigation. Total 
demand decreases from about 124 kaf in 2015 to between 32 and 35 kaf in 2060. 
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FIGURE C7-10 
Change in Colorado River Demand in California from 2015 for Fish, Wildlife, and Recreation 
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3.3.6 Tribal 
The following federally recognized tribes divert Colorado River water under water rights 
assigned to reservations in California:  

• Fort Mojave Indian Tribe  

• Chemehuevi Tribe  

• Colorado River Indian Tribes  

• Quechan Indian Tribe  
Tribal water demands relied on information submitted by the Ten Tribes Partnership for use in 
the Colorado River Interim Surplus Criteria Final Environmental Impacts Statement 
(Reclamation, 2000) and used in the more recent Colorado River Interim Guidelines for Lower 
Basin Shortages and Coordinated Operations for Lake Powell and Lake Mead Final 
Environmental Impact Statement (Reclamation, 2007) and Reclamation’s 2005 to 2009 Decree 
Accounting Report (Reclamation, 2007 and 2010).  

Tribal demands are forecast to remain constant through time and across scenarios, at about 
92,000 acre-feet (af) per year.  

For additional information on tribal demands, see appendix C9. 

3.4 Summary Tables of Parameters and Demands by Category 
Tables C7-2 to C7-7 present the specific parameter data collected by planning area. Each table is 
a complete set of data for a given scenario. These data were used to develop Study Area demands 
and subsequently Colorado River demands once other supplies were considered. These tables 
provide the specific information used in the creation of the summary and category plots 
previously discussed and provide reference information for the data provided. 
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TABLE C7-2 
Total Demand within Study Area under Current Projected (A) Scenario 

 

LEGEND: 999 From States 999 From State Plans
Units are thousand acre-feet per year, unless otherwise noted 999 Calculated 999 From Study Team

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 91 91 107 4 4 4 95 95 111 1, 2

Per-Acre Water Delivery (Diversion) [af/ac/yr] 10.29 10.29 9.34 10.29 10.29 9.34 10.29 10.29 9.34 3
Consumptive factor [%] 44% 44% 49% 44% 44% 49% 44% 44% 49% 4

Demand (Consumptive) 412 412 490 19 19 19 430 430 509 5, 6
Municipal and Industrial (M&I) Population [thousands] 7 14 28 7 14 28 7

M&I Per Capita Use (Diversion) [gpcd] 442 505 522 442 505 522 8
Consumptive factor [%] 69% 68% 67% 69% 68% 67% 9

M&I Demand (Consumptive) 2 5 11 2 5 11 10
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0

Demand (Consumptive) 2 5 11 2 5 11
Energy Demand (Consumptive) 5 5 5 15 8 8 20 13 13
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0.6 0.6 0.6 0.6 0.6 0.6 11
Tribal Demand (Consumptive) 0 0 0 92 92 92 92 92 92 12

Total Hydrologic Basin Demand (Consumptive) 0 0 0 0 0 0 0 0 0 417 416 495 129 125 130 546 541 625

Adjacent Areas
Agricultural Irrigated Acreage[thousands] 477 485 490 62 50 50 74 53 40 613 588 580 13, 14, 15

Per-Acre Water Delivery (Diversion)[af/ac/yr] 5.4 5.2 5.2 3.57 3.57 3.57 4.0 4.0 4.0 5.04 4.94 5.00 16, 17
Demand (Diversion) 2,567 2,510 2,563 222 180 180 300 214 162 3,089 2,904 2,905 18,19,20

Municipal and Industrial (M&I) Population [thousands] 181 260 360 19,956 22,474 26,200 295 599 1,040 20,432 23,333 27,600 21, 22, 23
M&I Per Capita Use (Diversion)[gpcd] 185 187 187 172 162 144 452 425 423 176 170 155 24

M&I Demand (Diversion) 37 55 76 3,850 4,091 4,234 149 285 493 4,037 4,431 4,803 25, 26, 27
Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 30 62 106 30 62 106 28

Demand (Diversion) 37 55 76 3,850 4,091 4,234 180 347 599 4,067 4,492 4,908
Energy Demand (Diversion) 33 96 144 0 0 0 33 96 144 29
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Demand (Diversion) 115 15 25 11 11 11 126 26 36 30, 31
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0
Other Demand (Diversion) 48 58 75 0 0 318 0 0 0 48 58 393 32 33
Total Adjacent Areas Demand (Diversion) 2,800 2,733 2,882 4,072 4,271 4,732 490 571 771 0 0 0 0 0 0 7,362 7,575 8,386

Total Demand in the Study Area 2,800 2,733 2,882 4,072 4,271 4,732 490 571 771 417 416 495 129 125 130 7,908 8,117 9,011 34

Demand that may be met by Other Sources 0 10 10 2,822 3,021 3,482 98 112 315 0 0 0 0 0 0 2,928 3,143 3,807 35

Potential Colorado River Demand 2,791 2,723 2,872 1,250 1,250 1,250 392 459 456 417 416 495 129 125 130 4,979 4,974 5,203 36, 37
Agricultural Colorado River Demand 2,559 2,501 2,554 0 0 0 240 172 96 412 412 490 19 19 19 3,230 3,103 3,159 38
Municipal and Industrial Colorado River Demand 37 54 75 1,250 1,250 1,250 144 279 354 0 0 0 2 5 11 1,433 1,589 1,690
Energy Colorado River Demand 32 96 144 0 0 0 0 0 0 5 5 5 15 8 8 53 108 156
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 115 15 25 0 0 0 8 8 6 0 0 0 0.6 0.6 0.6 124 24 32
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 92 92 92 92 92 92
Other Colorado River Demand 48 58 75 0 0 0 0 0 0 0 0 0 48 58 75

STATE TOTAL
Notes

IID MWD CVWD PVID Mainstem
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Notes  
1) PVID: Roger Henning, personal communication, Aug 19, 2011; in 2015 assume 25,947 acres in the Forbearance and Fallowing Program with MWD; 

in 2035 assume 23,352 acres in the Forbearance and Fallowing Program with MWD. 
2) Mainstem: computed as consumptive demand divided by consumptive factor divided by per-acre water delivery.  
3) Mainstem: applied water use as determined for PVID in 2015, 2035 and 2060. 
4) PVID: Derived from Reclamation's Decree Accounting reports. The 2015 and 2035 factors are based on the 1964 to 2004 excluding fallowing years. 

The 2060 factor is the maximum historical value.  
5) PVID: Roger Henning, personal communication, Aug 19, 2011; in 2015 assume 78,327 af provided to MWD under Forbearance and Fallowing 

Program; in 2035 assume 78,327 af provided to MWD under Forbearance and Fallowing Program. 
6) Mainstem: Chris Harris, personal communication. Provided as CRSS input, includes Miscellaneous Agricultural Present Perfected Rights and Bard 

Unit. 
7) Mainstem: population projections for city of Needles based on personal communication Dave Brownlee; 2015 Winterhaven projected increase from 

2010 census based on 2010 to 2015 increase reflected in Population Projection from table 3, Lower Colorado Water Supply  Study, California, 
Planning Report (Reclamation,1986). 2035 and 2060 Winterhaven projected increase based on 2010 to 2015 increase in 1986 study continuing in 
each 5-year period through 2060, and  Big River projected increase based on growth rate computed from  the 2000 and 2010 census. 

8) Mainstem: calculated based on population, consumptive demand, and consumptive factor. 
9) Mainstem: Based on aggregate consumptive factor determined from Reclamation's 2010 Decree Accounting reports for Needles and Winterhaven, 

and the 2009 Decree Accounting Report for miscellaneous Present Perfected Rights. 
10) Mainstem M&I:  Values from CRSS demand input tool for City of Needles, Winterhaven and Miscellaneous Domestic Present Perfected Rights and 

Lower Colorado Water Supply Project Municipal and Industrial Use. 
11) Mainstem Fish, Wildlife and Recreation: 612 af for Bureau of Land Management county park leases. 
12) Mainstem: Chris Harris, personal communication. Provided as CRSS input, includes Fort Mohave, Chemehuevi, Colorado River, and Quechan 

federally recognized tribes. 
13) IID: 2035: IID 2011 Crop Report plus additional 10,000 acres of reclaimed lands; 2060: IID 2011 Crop Report plus additional 15,000 acres reclaimed 

lands 
14) MWD: Irrigated Acreage for 2015, 2035, and 2060 equal to Agricultural Demand divided by MWD per-acre water delivery. 
15) CVWD: Form 7-2045 2010 Crop and Water Report. 2010 Irrigable Acres from Form 7-2045; 2015, 2035 and 2060: determined from demand over 

2010 water use.  
16) IID, CVWD:  computed simply as Agricultural Demand (Diversion) divided by irrigated acres in 2011.  In CVWD, values assumed to be the same for 

other years.  In IID, other years are computed in same fashion as 2011.  Actual Applied Water Use varies throughout IID depending on factors such 
as soil type and cropping patterns. 

17) MWD per-acre water delivery (af/ac/yr) for 2015, 2035, and 2060 assumed to be the same as for 2010.  2010 per-acre water delivery equal to 
Agricultural Demand (Diversion) divided by Irrigated Acreage estimate from Southern California Association of Governments 2005 data and San 
Diego Association of Governments 2007 data. 

18) IID: Exhibit B CRWDA. Revised w/+5 kaf for IID/MWD and + 50 kaf in 2060 for MWD obligation to CVWD; less M&I, FWR, Other, and existing (2011) 
energy demands 
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19) MWD: 2015 and 2035 from MWD Regional Urban Water Management Plan (RUWMP) (2010), Determined as 2015 and 2035 demands from 
page A.1-10, table A.1-7; 2035 value assumed constant through 2060. 

 Approximately 7 percent of Metropolitan's retail demands are used for agricultural purposes. Agricultural uses are expected to decline through 2030.  
For example, irrigated acreage declined by 51,361 acres between 2001–2007.  

20) CVWD: 2010 Coachella Valley Water Management Plan (CVWMP) update. page 3-14, table 3-2. 
21) IID: IID Integrated Regional Water Management Planning (preliminary data). 
22) MWD: 2015 and 2035: RUWMP 2010 table A.1-2; 2060: provided by J. Matusak. Report of the Blue Ribbon Committee (Blue Ribbon Committee, 

2011), based on moderate demand, sustained imports scenario 40 percent increase from 2010.   
23) CVWD: 2010 CVWMP update. 2010, 2015, 2035, 2045 page 3-6, table 3-1, East Valley Population. 2060 assumed as 1.5 times growth from 2035 to 

2045. 
24) MWD: Future changes assume continued water savings due to conservation measures such as water savings resulting from plumbing codes, price 

effects, and the continuing implementation of utility-funded conservation Best Management Practices. 
25) IID: 2035 and 2060: calculated based on M&I efficiency from 2011 and years population, where 2011 M&I efficiency was calculated as af/person/year 

based on 2011 population and M&I demand in af. 2015: interpolated from 2011 and 2035 estimate. 
26) MWD: 2015, 2035: RUWMP 2010, table A.1-6; 2060: Blue Ribbon Committee Report, table B.2., Scenario 1. 
27) CVWD: 2010 CVWMP update, table 3-2, page 3-14. 
28) CWWD: 2010 CVWMP update and CVWD annual report on golf course water use. Total Industrial table 3-2, page 3-14 times percent of population in 

East Valley plus golf course water use. Assumed all golf growth occurs in East Valley. 
29) IID: IID Integrated Regional Water Management Planning (preliminary data).  
30) IID: values from Mike King personal communication, Oct 7, 2011 includes water sent to the Salton Sea via an exchange with SDCWA and CVWD to 

mitigate for Quantitative Settlement Agreement transfers through 2017.  The transfer to San Diego is accounted for as a deduction to IID’s priority 3 
consumptive use cap. 

31) CVWD: 2010 CVWMP update. Total Fish Farms and Duck Clubs table 3-2, page 3-14. 
32) IID: Tina Shields personal communication, Aug 3, 2011; accounts for service pipes and miscellaneous uses, assumes 1 percent annual increase. 
33) MWD: Represents demand of 268,200 af for seawater barrier and groundwater replenishment, and 50,000 af to account for uncertain regional growth 

and water demand projections. The demands shown are based on the April 12, 2011 Report of Blue Ribbon Committee. 
34) Calculated from the sum of Hydrologic Basin (Consumptive) Demand and Adjacent Areas (Diversion) Demand.  Adjacent Areas (Diversion) Demand 

is net of return flows to the Colorado River, (i.e. Depletions). 
35) CVWD: Patti Reyes personal communication, Aug 11, 2011; groundwater and recycled water. 
36) MWD: 2015, 2035 and 2060 assume nearly full Colorado River Aqueduct. 
37) All values presented in table are contingent on the continued implementation of the Quantitative Settlement Agreement.  
38) For MWD, all potential Colorado River demand is M&I. For IID and CVWD, distribute Colorado River demand among categories according to 

distribution of total Study Area demand. 
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TABLE C7-3 
Total Demand within Study Area under Slow Growth (B) Scenario 

  

CALIFORNIA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 91 91 107 4 4 4 95 95 111 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 10.29 10.29 9.34 10.29 10.29 9.34 10.29 10.29 9.34 2
Consumptive factor [%] 44% 44% 49% 44% 44% 49% 44% 44% 49%

Demand (Consumptive) 412 412 490 19 19 19 430 430 509
Municipal and Industrial (M&I) Population [thousands] 0 0 0 7 14 28 7 14 28 3

M&I Per Capita Use (Diversion) [gpcd] 0 0 0 442 505 522 442 505 522 4
Consumptive factor [%] 0% 0% 0% 69% 68% 67% 69% 68% 67%

M&I Demand (Consumptive) 0 0 0 2 5 11 2 5 11
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 0 0 0 2 5 11 2 5 11
Energy Demand (Consumptive) 5 5 5 15 8 8 20 13 13 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0.6 0.6 0.6 0.6 0.6 0.6 8
Tribal Demand (Consumptive) 0 0 0 92 92 92 92 92 92 9

Total Hydrologic Basin Demand (Consumptive) 0 0 0 0 0 0 0 0 0 417 416 495 129 125 130 546 541 625

Adjacent Areas
Agricultural Irrigated Acreage[thousands] 477 485 490 62 50 50 74 53 40 613 588 580 10

Per-Acre Water Delivery (Diversion)[af/ac/yr] 5.38 5.17 5.23 3.57 3.57 3.57 4.04 4.04 4.04 5.04 4.94 5.00 11
Demand (Diversion) 2,567 2,510 2,563 222 180 180 300 214 162 3,089 2,904 2,905

Municipal and Industrial (M&I) Population [thousands] 170 229 270 19,424 19,943 18,427 295 599 1,040 19,889 20,771 19,737 12a, 12b
M&I Per Capita Use (Diversion)[gpcd] 185 184 180 172 162 144 452 425 423 176 170 159 13a, 13b

M&I Demand (Diversion) 35 47 54 3,747 3,630 2,978 149 285 493 3,932 3,962 3,525
Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 30 62 106 30 62 106 14

Demand (Diversion) 35 47 54 3,747 3,630 2,978 180 347 599 3,962 4,024 3,631
Energy Demand (Diversion) 33 96 144 0 0 0 33 96 144 15
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 115 15 25 11 11 11 126 26 36 17
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0 18
Other Demand (Diversion) 48 58 75 0 0 318 0 0 0 48 58 393
Total Adjacent Areas Demand (Diversion) 2,798 2,726 2,861 3,969 3,810 3,476 490 571 771 0 0 0 0 0 0 7,257 7,107 7,109

Total Demand in the Study Area 2,798 2,726 2,861 3,969 3,810 3,476 490 571 771 417 416 495 129 125 130 7,803 7,649 7,734

Demand that may be met by Other Sources 9 10 10 2,719 2,560 2,226 98 112 315 0 0 0 0 0 0 2,826 2,682 2,551 19

Potential Colorado River Demand 2,789 2,716 2,851 1,250 1,250 1,250 392 459 456 417 416 495 129 125 130 4,977 4,966 5,182
Agricultural Colorado River Demand 2,559 2,501 2,554 0 0 0 240 172 96 412 412 490 19 19 19 3,229 3,103 3,158 20
Municipal and Industrial Colorado River Demand 35 47 54 1,250 1,250 1,250 144 279 354 0 0 0 2 5 11 1,431 1,581 1,669
Energy Colorado River Demand 32 96 143 0 0 0 0 0 0 5 5 5 15 8 8 53 108 156
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 115 15 25 0 0 0 8 8 6 0 0 0 0.6 0.6 0.6 124 24 32
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 92 92 92 92 92 92
Other Colorado River Demand 48 58 75 0 0 0 0 0 0 48 58 75

Notes
IID MWD CVWD PVID Mainstem STATE TOTAL
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Notes 
1) No changes from Current Projected. 
2) No changes from Current Projected. 
3) No changes from Current Projected. 
4) No changes from Current Projected. 
5) No changes from Current Projected. 

6) No changes from Current Projected. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 

12a) IID: Based on regional trends, assume 2060 population is 25 percent less than that of Current Projected.  
12b) MWD: Population projections extrapolated from California Department of Water Resources (DWR) low growth county population projections for 

California Water Plan Update, 2009. 
13a) Based on very slow reduction to satisfy the California 20X2020 statute for the IID planning area. 
13b) No changes from Current Projected for other planning areas. 

14) No changes from Current Projected. 
15) No changes from Current Projected. 
16) No changes from Current Projected. 
17) No changes from Current Projected. 
18) No changes from Current Projected. 
19) MWD: Reduced from Current Projected to reflect lower demand with lower population projection. Others: no changes from Current Projected. 
20) For MWD, all potential Colorado River demand is M&I. For IID and CVWD, distribute Colorado River demand among categories according to 

distribution of total Study Area demand. 
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TABLE C7-4 
Total Demand within Study Area under Rapid Growth (C1) Scenario 

 

CALIFORNIA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 91 91 107 4 4 4 95 95 111 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 10.29 10.29 9.34 10.29 10.29 9.34 10.29 10.29 9.34 2
Consumptive factor [%] 44% 44% 49% 44% 44% 49% 44% 44% 49%

Demand (Consumptive) 412 412 490 19 19 19 430 430 509
Municipal and Industrial (M&I) Population [thousands] 0 0 0 7 14 28 7 14 28 3

M&I Per Capita Use (Diversion) [gpcd] 0 0 0 442 505 522 442 505 522 4
Consumptive factor [%] 0% 0% 0% 69% 68% 67% 69% 68% 67%

M&I Demand (Consumptive) 0 0 0 2 5 11 2 5 11
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 0 0 0 2 5 11 2 5 11
Energy Demand (Consumptive) 5 5 5 15 47 100 20 52 105 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0.6 0.6 0.6 0.6 0.6 0.6 8
Tribal Demand (Consumptive) 0 0 0 92 92 92 92 92 92 9

Total Hydrologic Basin Demand (Consumptive) 0 0 0 0 0 0 0 0 0 417 416 495 129 164 222 546 580 717

Adjacent Areas
Agricultural Irrigated Acreage[thousands] 477 485 490 62 50 50 74 53 40 613 588 580 10

Per-Acre Water Delivery (Diversion)[af/ac/yr] 5.38 5.17 5.23 3.57 3.57 3.57 4.04 4.04 4.04 5.04 4.94 5.00 11
Demand (Diversion) 2,567 2,510 2,563 222 180 180 300 214 162 3,089 2,904 2,905

Municipal and Industrial (M&I) Population [thousands] 192 291 450 20,743 26,026 33,117 295 599 1,040 21,230 26,916 34,607 12a, 12b
M&I Per Capita Use (Diversion)[gpcd] 176 174 159 172 162 144 452 425 423 176 168 153 13a, 13b

M&I Demand (Diversion) 38 57 80 4,002 4,738 5,352 149 285 493 4,189 5,079 5,925
Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 30 62 106 30 62 106 14

Demand (Diversion) 38 57 80 4,002 4,738 5,352 180 347 599 4,219 5,141 6,031
Energy Demand (Diversion) 41 120 180 0 0 0 41 120 180 15
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 115 15 25 11 11 11 126 26 36 17
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0 18
Other Demand (Diversion) 48 58 75 0 0 318 0 0 0 48 58 393
Total Adjacent Areas Demand (Diversion) 2,808 2,760 2,923 4,224 4,917 5,850 490 571 771 0 0 0 0 0 0 7,522 8,248 9,544

Total Demand in the Study Area 2,808 2,760 2,923 4,224 4,917 5,850 490 571 771 417 416 495 129 164 222 8,068 8,828 10,261

Demand that may be met by Other Sources 9 10 10 2,974 3,667 4,600 98 112 315 0 0 0 0 0 0 3,080 3,790 4,925 19

Potential Colorado River Demand 2,800 2,750 2,913 1,250 1,250 1,250 392 459 456 417 416 495 129 164 222 4,987 5,039 5,336
Agricultural Colorado River Demand 2,559 2,501 2,554 0 0 0 240 172 96 412 412 490 19 19 19 3,230 3,103 3,159 20
Municipal and Industrial Colorado River Demand 38 57 80 1,250 1,250 1,250 144 279 354 0 0 0 2 5 11 1,433 1,591 1,695
Energy Colorado River Demand 41 120 179 0 0 0 0 0 0 5 5 5 15 47 100 61 171 284
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 115 15 25 0 0 0 8 8 6 0 0 0 0.6 0.6 0.6 124 24 32
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 92 92 92 92 92 92
Other Colorado River Demand 48 58 75 0 0 0 0 0 0 48 58 75

Notes
IID MWD CVWD PVID Mainstem STATE TOTAL
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Notes 
1) No changes from Current Projected. 
2) No changes from Current Projected. 
3) No changes from Current Projected. 
4) No changes from Current Projected. 
5) No changes from Current Projected. 

6) Increased demand on Mainstem from Current Projected. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 

12a) IID: Based on regional trends, assume 2060 population is 25 percent more than that of Current Projected.  
12b) MWD:  Population projections extrapolated from California DWR high growth county population projections for California Water Plan Update, 2009. 
13a) Based on slow reduction to satisfy the California 20X2020 statute for the IID planning area. 
13b) No changes from Current Projected for other planning areas. 

14) No changes from Current Projected. 
15) Increased demand from Current Projected based on rapid geothermal technology. 
16) No changes from Current Projected. 
17) IID: No reference.  
18) No changes from Current Projected. 
19) MWD: Increased from Current Projected to reflect higher demand with higher population projection. Others: no changes from Current Projected. 
20) For MWD, all potential Colorado River demand is M&I. For IID and CVWD, distribute Colorado River demand among categories according to 

distribution of total Study Area demand. 
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TABLE C7-5 
Total Demand within Study Area under Rapid Growth (C2) Scenario 

  

CALIFORNIA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 91 91 107 4 4 4 95 95 111 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 10.29 10.29 9.34 10.29 10.29 9.34 10.29 10.29 9.34 2
Consumptive factor [%] 44% 44% 49% 44% 44% 49% 44% 44% 49%

Demand (Consumptive) 412 412 490 19 19 19 430 430 509
Municipal and Industrial (M&I) Population [thousands] 0 0 0 7 14 28 7 14 28 3

M&I Per Capita Use (Diversion) [gpcd] 0 0 0 442 505 522 442 505 522 4
Consumptive factor [%] 0% 0% 0% 69% 68% 67% 69% 68% 67%

M&I Demand (Consumptive) 0 0 0 2 5 11 2 5 11
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 0 0 0 2 5 11 2 5 11
Energy Demand (Consumptive) 5 5 5 15 8 8 20 13 13 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0.6 0.6 0.6 0.6 0.6 0.6 8
Tribal Demand (Consumptive) 0 0 0 92 92 92 92 92 92 9

Total Hydrologic Basin Demand (Consumptive) 0 0 0 0 0 0 0 0 0 417 416 495 129 125 130 546 541 625

Adjacent Areas
Agricultural Irrigated Acreage[thousands] 477 485 490 62 50 50 74 53 40 613 588 580 10

Per-Acre Water Delivery (Diversion)[af/ac/yr] 5.38 5.17 5.23 3.57 3.57 3.57 4.04 4.04 4.04 5.04 4.94 5.00 11
Demand (Diversion) 2,567 2,510 2,563 222 180 180 300 214 162 3,089 2,904 2,905

Municipal and Industrial (M&I) Population [thousands] 192 291 450 20,743 26,026 33,117 295 599 1,040 21,230 26,916 34,607 12a, 12b
M&I Per Capita Use (Diversion)[gpcd] 172 150 141 172 162 144 452 425 423 176 168 153 13a, 13b

M&I Demand (Diversion) 37 49 71 4,002 4,738 5,352 149 285 493 4,188 5,071 5,916
Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 30 62 106 30 62 106 14

Demand (Diversion) 37 49 71 4,002 4,738 5,352 180 347 599 4,218 5,133 6,022
Energy Demand (Diversion) 33 98 147 0 0 0 33 98 147 15
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 115 16 27 11 11 11 126 26 37 17
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0 18
Other Demand (Diversion) 48 58 75 0 0 318 0 0 0 48 58 393
Total Adjacent Areas Demand (Diversion) 2,800 2,730 2,882 4,224 4,917 5,850 490 571 771 0 0 0 0 0 0 7,514 8,219 9,504

Total Demand in the Study Area 2,800 2,730 2,882 4,224 4,917 5,850 490 571 771 417 416 495 129 125 130 8,059 8,760 10,129

Demand that may be met by Other Sources 9 10 10 2,974 3,667 4,600 98 112 315 0 0 0 0 0 0 3,080 3,790 4,925 19

Potential Colorado River Demand 2,791 2,720 2,872 1,250 1,250 1,250 392 459 456 417 416 495 129 125 130 4,979 4,971 5,203
Agricultural Colorado River Demand 2,559 2,501 2,554 0 0 0 240 172 96 412 412 490 19 19 19 3,230 3,103 3,159 20
Municipal and Industrial Colorado River Demand 37 49 71 1,250 1,250 1,250 144 279 354 0 0 0 2 5 11 1,433 1,583 1,685
Energy Colorado River Demand 33 98 146 0 0 0 0 0 0 5 5 5 15 8 8 54 110 159
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 115 16 27 0 0 0 8 8 6 0 0 0 0.6 0.6 0.6 124 25 33
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 92 92 92 92 92 92
Other Colorado River Demand 48 58 75 0 0 0 0 0 0 48 58 75

Notes
IID MWD CVWD PVID Mainstem STATE TOTAL
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Notes 
1) No changes from Current Projected. 
2) No changes from Current Projected. 
3) No changes from Current Projected. 
4) No changes from Current Projected. 
5) No changes from Current Projected. 

6) Increased demand from Current Projected based on efficient geothermal technology. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 

12a) IID: Based on regional trends, assume 2060 population is 25 percent more than that of Current Projected.  
12b) MWD: Population projections extrapolated from California DWR high growth county population projections for California Water Plan Update, 2009. 
13a) Based on California 20X2020 statute for 20 percent reduction in demand by 2020 for the IID planning area. 
13b) No changes from Current Projected for other planning areas. 

14) No changes from Current Projected. 
15) Increased demand from Current Projected based on efficient geothermal technology. 
16) No changes from Current Projected. 
17) IID: No reference.  
18) No changes from Current Projected. 
19) MWD: Increased from Current Projected to reflect higher demand with higher population projection. Others: no changes from Current Projected. 
20) For MWD, all potential Colorado River demand is M&I. For IID and CVWD, distribute Colorado River demand among categories according to 

distribution of total Study Area demand. 
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TABLE C7-6 
Total Demand within Study Area under Enhanced Environment (D1) Scenario 

  

CALIFORNIA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 91 91 107 4 4 4 95 95 111 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 10.29 10.29 9.34 10.29 10.29 9.34 10.29 10.29 9.34 2
Consumptive factor [%] 44% 44% 49% 44% 44% 49% 44% 44% 49%

Demand (Consumptive) 412 412 490 19 19 19 430 430 509
Municipal and Industrial (M&I) Population [thousands] 0 0 0 7 14 28 7 14 28 3

M&I Per Capita Use (Diversion) [gpcd] 0 0 0 442 442 442 442 442 442 4
Consumptive factor [%] 0% 0% 0% 69% 68% 67% 69% 68% 67%

M&I Demand (Consumptive) 0 0 0 2 5 9 2 5 9
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 0 0 0 2 5 9 2 5 9
Energy Demand (Consumptive) 5 5 5 15 8 7 20 12 12 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0.6 0.6 0.6 0.6 0.6 0.6 8
Tribal Demand (Consumptive) 0 0 0 92 92 92 92 92 92 9

Total Hydrologic Basin Demand (Consumptive) 0 0 0 0 0 0 0 0 0 417 416 495 129 124 128 546 540 622

Adjacent Areas
Agricultural Irrigated Acreage[thousands] 477 485 490 62 50 50 74 53 40 613 588 580 10

Per-Acre Water Delivery (Diversion)[af/ac/yr] 5.38 5.17 5.23 3.57 3.57 3.57 4.04 4.04 4.04 5.04 4.94 5.00 11
Demand (Diversion) 2,567 2,510 2,563 222 180 180 300 214 162 3,089 2,904 2,905

Municipal and Industrial (M&I) Population [thousands] 181 260 360 19,956 22,474 26,200 295 599 1,040 20,432 23,333 27,600 12a, 12b
M&I Per Capita Use (Diversion)[gpcd] 172 150 141 172 155 133 452 423 423 176 162 144 13a, 13b

M&I Demand (Diversion) 35 44 57 3,850 3,902 3,904 149 284 493 4,034 4,230 4,453
Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 30 62 106 30 62 106 14

Demand (Diversion) 35 44 57 3,850 3,902 3,904 180 346 599 4,064 4,292 4,559
Energy Demand (Diversion) 31 88 127 0 0 0 31 88 127 15
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 115 17 28 11 11 11 126 27 39 17
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0 18
Other Demand (Diversion) 48 58 75 0 0 318 0 0 0 48 58 393
Total Adjacent Areas Demand (Diversion) 2,796 2,716 2,849 4,072 4,082 4,402 490 570 771 0 0 0 0 0 0 7,358 7,368 8,022

Total Demand in the Study Area 2,796 2,716 2,849 4,072 4,082 4,402 490 570 771 417 416 495 129 124 128 7,904 7,909 8,645

Demand that may be met by Other Sources 9 10 10 2,822 2,832 3,152 98 111 315 0 0 0 0 0 0 2,928 2,953 3,477 19

Potential Colorado River Demand 2,787 2,706 2,839 1,250 1,250 1,250 392 459 456 417 416 495 129 124 128 4,975 4,955 5,168
Agricultural Colorado River Demand 2,559 2,501 2,554 0 0 0 240 172 96 412 412 490 19 19 19 3,229 3,103 3,158 20
Municipal and Industrial Colorado River Demand 35 44 57 1,250 1,250 1,250 144 278 354 0 0 0 2 5 9 1,431 1,577 1,670
Energy Colorado River Demand 31 88 126 0 0 0 0 0 0 5 5 5 15 8 7 52 100 138
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 115 16 28 0 0 0 8 8 6 0 0 0 0.6 0.6 0.6 124 26 35
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 92 92 92 92 92 92
Other Colorado River Demand 48 58 75 0 0 0 0 0 0 48 58 75

Notes
IID MWD CVWD PVID Mainstem STATE TOTAL
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Notes 
1) No changes from Current Projected. 
2) No changes from Current Projected. 
3) No changes from Current Projected. 
4) No changes from Current Projected. 
5) No changes from Current Projected. 

6) Decreased demand from Current Projected based on increasingly efficient geothermal technology. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 

12a) IID: No changes from Current Projected. 
12b) No changes from Current Projected. 
13a) MWD:  Increased federal investment in water-saving technology and conservation programs results in a further substantive decrease in per capita 

water use (for example, WaterSmart, EnergyStar, landscape technology).   

 Based on California 20X2020 statute for 20 percent reduction in demand by 2020 for the IID planning area. 
13b) No changes from Current Projected for other planning areas. 

14) No changes from Current Projected. 
15) Decreased demand from Current Projected based on increasingly efficient geothermal technology. 
16) No changes from Current Projected. 
17) IID: No reference.  
18) No changes from Current Projected. 
19) No changes from Current Projected. 
20) For MWD, all potential Colorado River demand is M&I. For IID and CVWD, distribute Colorado River demand among categories according to 

distribution of total Study Area demand. 
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TABLE C7-7 
Total Demand within Study Area under Enhanced Environment (D2) Scenario 

 

CALIFORNIA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 91 91 107 4 4 4 95 95 111 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 10.29 10.29 9.34 10.29 10.29 9.34 10.29 10.29 9.34 2
Consumptive factor [%] 44% 44% 49% 44% 44% 49% 44% 44% 49%

Demand (Consumptive) 412 412 490 19 19 19 430 430 509
Municipal and Industrial (M&I) Population [thousands] 0 0 0 7 14 28 7 14 28 3

M&I Per Capita Use (Diversion) [gpcd] 0 0 0 442 505 522 442 505 522 4
Consumptive factor [%] 0% 0% 0% 69% 68% 67% 69% 68% 67%

M&I Demand (Consumptive) 0 0 0 2 5 11 2 5 11
Self Served Industrial Demand (Consumptive) 0 0 0 0 0 0 0 0 0 5

Demand (Consumptive) 0 0 0 2 5 11 2 5 11
Energy Demand (Consumptive) 5 5 5 15 8 8 20 13 13 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 0.6 0.6 0.6 0.6 0.6 0.6 8
Tribal Demand (Consumptive) 0 0 0 92 92 92 92 92 92 9

Total Hydrologic Basin Demand (Consumptive) 0 0 0 0 0 0 0 0 0 417 416 495 129 125 130 546 541 625

Adjacent Areas
Agricultural Irrigated Acreage[thousands] 477 485 490 62 50 50 74 53 40 613 588 580 10

Per-Acre Water Delivery (Diversion)[af/ac/yr] 5.38 5.17 5.23 3.57 3.57 3.57 4.04 4.04 4.04 5.04 4.94 5.00 11
Demand (Diversion) 2,567 2,510 2,563 222 180 180 300 214 162 3,089 2,904 2,905

Municipal and Industrial (M&I) Population [thousands] 192 291 450 20,743 26,026 33,117 295 599 1,040 21,230 26,916 34,607 12a, 12b
M&I Per Capita Use (Diversion)[gpcd] 172 150 141 172 162 144 452 425 423 176 168 153 13a, 13b

M&I Demand (Diversion) 37 49 71 4,002 4,738 5,352 149 285 493 4,188 5,071 5,916
Self Served Industrial Demand (Diversion) 0 0 0 0 0 0 30 62 106 30 62 106 14

Demand (Diversion) 37 49 71 4,002 4,738 5,352 180 347 599 4,218 5,133 6,022
Energy Demand (Diversion) 31 88 127 0 0 0 31 88 127 15
Minerals Demand (Diversion) 0 0 0 0 0 0 0 0 0 16
Fish, Wildlife, and Recreation Demand (Diversion) 115 17 28 11 11 11 126 27 39 17
Tribal Demand (Diversion) 0 0 0 0 0 0 0 0 0 18
Other Demand (Diversion) 48 58 75 0 0 318 0 0 0 48 58 393
Total Adjacent Areas Demand (Diversion) 2,798 2,722 2,863 4,224 4,917 5,850 490 571 771 0 0 0 0 0 0 7,512 8,210 9,485

Total Demand in the Study Area 2,798 2,722 2,863 4,224 4,917 5,850 490 571 771 417 416 495 129 125 130 8,057 8,751 10,110

Demand that may be met by Other Sources 9 10 10 2,974 3,667 4,600 98 112 315 0 0 0 0 0 0 3,080 3,790 4,925 19

Potential Colorado River Demand 2,789 2,712 2,853 1,250 1,250 1,250 392 459 456 417 416 495 129 125 130 4,977 4,962 5,184
Agricultural Colorado River Demand 2,559 2,501 2,554 0 0 0 240 172 96 412 412 490 19 19 19 3,230 3,103 3,158 20
Municipal and Industrial Colorado River Demand 37 49 71 1,250 1,250 1,250 144 279 354 0 0 0 2 5 11 1,433 1,583 1,685
Energy Colorado River Demand 31 88 126 0 0 0 0 0 0 5 5 5 15 8 8 52 101 139
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 115 16 28 0 0 0 8 8 6 0 0 0 0.6 0.6 0.6 124 25 35
Tribal Colorado River Demand 0 0 0 0 0 0 0 0 0 0 0 0 92 92 92 92 92 92
Other Colorado River Demand 48 58 75 0 0 0 0 0 0 48 58 75

Notes
IID MWD CVWD PVID Mainstem STATE TOTAL
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Notes 
1) No changes from Current Projected. 
2) No changes from Current Projected. 
3) No changes from Current Projected. 
4) No changes from Current Projected. 
5) No changes from Current Projected. 

6) Decreased demand from Current Projected based on increasingly efficient geothermal technology. 
7) No changes from Current Projected. 
8) No changes from Current Projected. 
9) No changes from Current Projected. 

10) No changes from Current Projected. 
11) No changes from Current Projected. 

12a) IID: Based on regional trends, assume 2060 population is 25 percent more than that of Current Projected.  
12b) MWD: Population projections extrapolated from California DWR high growth county population projections for California Water Plan Update, 2009. 
13a) Based on California 20X2020 statute for 20 percent reduction in demand by 2020 for the IID planning area. 
13b) No changes from Current Projected for other planning areas. 

14) No changes from Current Projected. 
15) Decreased demand from Current Projected based on increasingly efficient geothermal technology. 
16) No changes from Current Projected. 
17) IID: No reference.  
18) No changes from Current Projected. 
19) MWD: Increased from Current Projected to reflect higher demand with higher population projection. Others: no changes from Current Projected. 
20) For MWD, all potential Colorado River demand is M&I. For IID and CVWD, distribute Colorado River demand among categories according to 

distribution of total Study Area demand. 
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Appendix C8 ─ Nevada Water Demand 
Scenario Quantification 

1.0 Introduction 
This appendix summarizes the data sources used in scenario quantification for Colorado River 
demand1 for the state of Nevada and presents the results of quantification. As presented in figure 
C8-1, Nevada is divided into planning areas that correspond to the Southern Nevada Water 
Authority (SNWA) service area and other service areas where Colorado River water is delivered. 
Data collection and development were completed at the planning area level, and the compiled 
water demands are discussed in the results section. 

The following sections present background information that summarizes the state’s planning 
areas as well as data sources used to quantify demand scenarios by category. Following the 
background section, results of demand scenario quantification are presented. The results section 
is broken out into a Nevada Study Area summary, followed by Colorado River demand by 
geography, and finally by category.  

2.0 Background 
The SNWA was formed in 1991 by cooperative agreement among seven Las Vegas area water 
and wastewater agencies. SNWA is responsible for the water treatment and delivery as well as 
acquiring and managing the long-term water resources for Southern Nevada. SNWA has 
produced a number of planning reports over time that examine long-term water resources for 
Southern Nevada.  

SNWA, with support from member agencies, coordinated Nevada’s efforts to provide 
information for water demand scenario quantification. These efforts largely relied on information 
previously generated through SNWA water resource planning, including SNWA’s current plan, 
which was developed in 2009 (SNWA, 2009). Adjustments from the 2009 plan reflect the 
development of the range of scenarios established in support of the Study.  

2.1 Data Sources for Quantification 
This section discusses data sources for demand quantification by use category. Some category 
projections were based on relevant parameter data, while other category projections were 
developed directly as water demand. Sources include state, regional, and national agency reports. 

• Agricultural Demand: There are no reported Colorado River agricultural demands in 
Nevada. 

•  Energy: There are no reported Colorado River energy demands in Nevada.  

• Minerals: There are no reported Colorado River minerals demands in Nevada.  
                                                 
1 Colorado River demand as computed by Study Area demand minus other supplies. 
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FIGURE C8-1 
Colorado River Hydrologic Basin and Export Service Areas in Nevada 
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• Fish, Wildlife, and Recreation: Fish, wildlife, and recreation demands were provided 
by SNWA based on contracted recreation use outside of SNWA's service area.  

• Tribal: The quantification of tribal demands relied on information submitted by the 
Ten Tribes Partnership for use in the Colorado River Interim Surplus Criteria Final 
Environmental Impact Statement (Bureau of Reclamation [Reclamation], 2000) and used 
in the more recent Colorado River Interim Guidelines for Lower Basin Shortages and 
Coordinated Operations for Lake Powell and Lake Mead Final Environmental Impact 
Statement (Reclamation, 2007a), and Reclamation’s 2005 to 2009 Decree Accounting 
Report (Reclamation, 2007b and 2010). Tribal diversion-based demands reflect full use 
of Fort Mojave water rights. 

3.0 Results of Water Demand Scenario Quantification 
This section summarizes Nevada’s Colorado River water demand trends by category across the 
initial scenarios. The purpose of this section is to describe changes in demands, both temporally 
and geographically, parameters that influence changes in demands, and how the parameters and 
demands differ amongst scenarios.  

Demands were first developed for areas that may be potentially served by Colorado River water 
(Study Area demands), independent of the source of supply. The communities within the 
Colorado River Basin, including the SNWA service area and other service areas, also rely on 
other sources of supply, including local non-tributary and imported Nevada groundwater 
supplies; banked resources created through local and interstate agreements (for example, Arizona 
Water Bank, California Water Bank, and Southern Nevada Water Bank); and projects that result 
in Intentionally Created Surpluses (ICS) (for example, Virgin/Muddy Rivers, Tributary 
Conservation ICS, Coyote Spring Valley Groundwater Imported ICS, and Brock Reservoir 
System Efficiency ICS).  

The SNWA 2009 plan includes imported Nevada groundwater to help meet future SNWA 
demands, and the SNWA is pursuing development of this resource by securing related Nevada 
groundwater right permits and corresponding federal environmental permits for this project. 
Nevada’s Colorado River demand for the Study includes water for the long term as temporary 
resources (for example, System Efficiency ICS and banked resources) are exhausted without use 
of imported Nevada groundwater. This approach is being applied for the Study to analyze 
Nevada’s potential future Colorado River water demands for planning purposes. If SNWA is 
successful in obtaining these permits for imported Nevada groundwater, this resource, along with 
existing and future Colorado River resources, would be integrated in local planning efforts. The 
subsequent Nevada Colorado River water demand may or may not differ, depending upon the 
application of the available resources in meeting future demands. 

To develop estimates of the Colorado River demand, the Study Area demand was reduced by 
estimates of available supply from other sources, as discussed above. This appendix focuses on 
Colorado River demands, but includes discussion of the Study Area parameters that led to these 
demands. For the purpose of the study, additional Virgin River Basin demands in Nevada are not 
included. The SNWA is currently not seeking to develop its Virgin River surface water rights 
under Permit No. 58591 as agreed to under the Agreement Concerning Colorado River 
Management and Operations signed April 23, 2007, by the Seven Basin States which is a key 
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agreement supporting the Colorado River Interim Guidelines for Lower Basin Shortages and the 
Coordinated Operations for Lake Powell and Lake Mead (U.S. Department of the Interior, 
2007). 

The following sections summarize the results of demand scenario quantification, presenting 
Study Area demand and Colorado River water demand, Colorado River Demand for the state and 
individual planning areas across the six scenarios, and Colorado River water demand by category 
across the six scenarios. Parameters and demands for all categories and all scenarios, along with 
references for data sources, are included. 

3.1 Summary Results of Scenario Quantification 
Values were developed for parameters to quantify Study Area demand for each of the scenarios. 
Colorado River demand was calculated as Study Area demand minus other supplies. Table C8-1 
presents summary results for the demand scenarios considered in the Study. The table presents 
agricultural and M&I demand parameters for the entire Study Area that distinguish the scenarios, 
the resulting Study Area demands, and finally the Colorado River demands by category. Because 
other supplies may vary among scenarios, trends observed in the parameters and Study Area 
demands may not be reflected identically in Colorado River demand trends. 

Nevada estimates that between 2.3 and 2.6 million people will reside in Nevada’s Study Area by 
2015. Population is expected to increase to 4.2 to 5.1 million by 2060. The greatest population 
growth is associated with the Rapid Growth (C1 and C2) scenarios and the Enhanced 
Environment (D2) scenario. The Slow Growth (B) scenario has the smallest population in 2060 
of the scenarios (4.2 million by 2060), but still represents a growth of 73 percent over 
2015 estimates.  

The growing municipal population, however, will continue to be more efficient in its per capita 
water use than today. Per capita water use, based on passive and active conservation to achieve 
existing conservation targets, is expected to be 20 percent less in 2060 than in 2015. M&I is the 
largest component of Colorado River demand, and is the only component of change in Colorado 
River demand. The increase in M&I demand is driven by an increase in population that outpaces 
a decrease in per capita usage.  

Figure C8-2 presents demands across the scenarios in three panels as follows: 1) Study Area 
demand with other supplies and Colorado River demand identified, 2) Colorado River demand, 
and 3) change in Colorado River demand by demand category.  

From panel one it can be seen that Study Area demand increases from about 377 thousand acre-
feet (kaf) in 2015 to between 514 and 624 kaf in 2060. The range in Study Area demand growth 
across scenarios in 2060 is projected to be about 110 kaf.  

Panel two provides a view of the range across scenarios of Colorado River demand. This demand 
increases from about 300 kaf in 2015 to between 490 and 600 kaf in 2060 (or growth of 63 to 
100 percent), depending on the scenario. This difference results in a Colorado River demand 
range of about 110 kaf across the scenarios in 2060, or about 20 percent.  

Panel three shows how specific categories affect the projected change in Colorado River demand 
by scenario. Growth in M&I demand is the only factor affecting Colorado River demand across 
the scenarios. 
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Figure C8-3 ties historical water use to the range of Colorado River demand in the quantified 
scenarios. The scenarios of future Colorado River demand provided in figure C8-3 do not show a 
smooth growth pattern, primarily due the influence of replacing temporary resources with 
Colorado River water. The 110 kaf range across scenarios in 2060 is easily discernible, with a 
relatively even spread over the range across the scenarios. In addition, it appears that the 
quantified scenarios track well with the peaks in historical uses that likely represent the least 
supply limited conditions or actual demand.  

 
TABLE C8-1  
Summary Results of Nevada Water Demand Scenario Quantification by 2060 

Key Study Area Demand Scenario Parameters 

 20151  
2060 Scenario Parameters 

A B C1 C2 D1 D2 
Population (millions) 2.6 4.4 4.2 5.1 5.1 4.4 5.1 
Change in per capita water usage (%), 
from 2015 — –20% –20% –20% –20% –20% –20% 

Irrigated acreage (millions of acres) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Change in per acre water delivery (%), 
from 2015 — n/a n/a n/a n/a n/a n/a 

Study Area Demand (thousand acre-feet [kaf]) 

 20151  
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 0 0 0 0 0 0 0 
M&I demand 366 530 503 613 613 530 613 
Energy demand 0 0 0 0 0 0 0 
Minerals demand 0 0 0 0 0 0 0 
FWR demand 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Tribal demand 9.0 9.0 9.0 9.0 9.0 9.0 9.0 
Total Study Area Demand2 377 541 514 624 624 541 624 

Colorado River Demand (kaf) 

 20151  
2060 Scenario Demands 

A B C1 C2 D1 D2 
Ag demand 0 0 0 0 0 0 0 
M&I demand 289 506 479 589 589 506 589 
Energy demand 0 0 0 0 0 0 0 
Minerals demand 0 0 0 0 0 0 0 
FWR demand 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Tribal demand 9.0 9.0 9.0 9.0 9.0 9.0 9.0 
Total Colorado River Demand2 300 517 490 600 600 517 600 
1 If range across scenarios is less than 10 percent, Current Projected (A) is presented. Otherwise, range (min – max) is 

presented. 
2 Excludes potential losses (reservoir evaporation, phreatophytes, and/or operational inefficiencies) that may be charged to 

state. 
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FIGURE C8-2 
Study Area, Colorado River, and Change in Colorado River Demand  
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FIGURE C8-3 
Historical Use and Future Projected Demand1  

 
1This figure presents the range of potential scenarios. However, some of the scenarios overlap and are not discernible on 

this format. 

3.2 Colorado River Water Demand by Geography  
Colorado River water demand for areas served by the Colorado River is presented in 
figures C8-4 and C8-5. These figures show two geographic levels: Study Area in Nevada, and 
individual planning areas. Demands at each geographic level are shown across the scenarios. 
The columns to the right show the Colorado River demand at a point in time (2015, 2035, or 
2060) by relative contribution of the categories.  

The change in both magnitude and percentage of Colorado River demand varies considerably 
across scenarios. Colorado River demand2 in Nevada is primarily in the SNWA service area. The 
primary demand category in the other service areas is tribal, with a small amount of fish, 
wildlife, and recreation demand.  

Figure C8-6 shows the change in Colorado River demand by category from 2015 across the 
scenarios. All change in Colorado River demand is due to change in M&I demand in the SNWA 
service area.  

                                                 
2 Potential Colorado River demand is based on changes in parameters such as population and for the purpose of the Study is not 
   limited by apportionment.  
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FIGURE C8-4 
Colorado River Demand in Nevada 
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FIGURE C8-5 
Colorado River Demand by Category 
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FIGURE C8-6 
Change in Colorado River Demand in Nevada from 2015 by Category 
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3.3 Colorado River Demand by Category 

3.3.1 Agricultural 
Agricultural demand includes demand from irrigated agriculture, livestock, and stock ponds. No 
agricultural demands are projected for Nevada under any of the scenarios. The only agricultural 
demand is included in the Colorado River water supplied for the Fort Mojave Indian Reservation 
and is accounted for in the tribal category.  

3.3.2 Municipal and Industrial 
M&I water demand can be estimated from population and M&I per capita water use, with the 
addition of self-served industrial (SSI) demand. M&I per capita water use is a measure of the 
amount of water produced or diverted per person in a given municipality. Because this measure 
examines all water produced by a given municipality, it often includes industrial, commercial, 
and institutional demand as well as residential demand. A number of factors may influence the 
M&I per capita water use of a given community, including the amount of industrial demand, 
climate, number of institutional facilities, and number of visitors.  

SSI are industries located in a given area that have their own water supply systems and are 
therefore not directly related to local measures of population and M&I per capita water use. 

Figure C8-7 presents the following by scenario in 2015, 2035, and 2060:  

• Change in M&I demand for Colorado River water in the Study Area 

• Change in M&I demand for Colorado River water in individual planning areas 

• M&I demand as a portion of Colorado River water demand (right hand side of graph) 
As can be seen from figure C8-7, M&I water demand is by far the largest component of 
Colorado River demand, increasing from 96 percent in 2015 to 98 percent of Colorado River 
demand in 2060, depending on which scenario is considered. 

Colorado River demand for M&I use increases over time from 2015 to 2060 across all scenarios. 
The increase is primarily due to population increase as M&I per capita water use decreases over 
time across all scenarios and SSI is relatively small.  

In examining the planning areas, nearly all of the increase in M&I demand for Colorado River 
water from 2015 to 2060 over time is due to population increase in the SNWA service area 
across all scenarios. The remaining increase in demand is primarily from a small increase in SSI 
demand in the other areas.  

Increases in population are somewhat tempered by decreases in M&I per capita water use of 
20 percent by 2060. 

3.3.3 Energy 
SNWA member agencies provide some retail water service for energy production. This water 
usage is captured in the SNWA M&I demand.  

3.3.4 Minerals Extraction 
Nevada does not currently use or plan to use Colorado River Water for minerals extraction. 
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FIGURE C8-7 
Change in Colorado River Demand in Nevada from 2015 for M&I 
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3.3.5 Fish, Wildlife, and Recreation 
Recreational demands were included to account for the Lake Mead National Recreation Area. 
Total fish, wildlife, and recreation demands are estimated at about 2,000 acre-feet per year and 
are constant through time and across scenarios. No additional future environmental or non-
consumptive demands were included.  

3.3.6 Tribal 
The Fort Mojave Indian Tribe diverts Colorado River water under water rights assigned to 
reservation land in Nevada.  

The Tribe does not currently use its full diversion right as established by the Consolidated 
Decree of the United States Supreme Court in Arizona v. California, 547 U.S. 150 (2006); 
however, it is expected that it will fully use the right in the future. Associated projected tribal 
demands are constant over time and across scenarios. Fort Mojave use from 2015 to 2060 is 
represented as a constant demand at its right of 12.5 kaf with 9 kaf of consumptive use. 

For additional information on tribal demand, see appendix C9. 

3.4 Summary Tables of Parameters and Demands by Category 
Tables C8-2 to C8-7 present the specific parameter data collected by planning area. Each table is 
a complete set of data for a given scenario. These data were used to develop Study Area demands 
and subsequently Colorado River demands once other supplies were considered. These tables 
provide the specific information used in the creation of the summary and category plots 
previously discussed and provide reference information for the data provided. 
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TABLE C8-2 
Total Demand within Study Area under Current Projected (A) Scenario 

 
 
Notes 
1)  Center for Business and Economic Research (CBER). 2008. (CBER, 

2008), beyond 2035 annual absolute annual growth of 37,600. SNWA 
services ~97 percent of Clark County's population. 

2) Water Resource Plan. (SNWA, 2009). Personal communication (SNWA, 
2011).  STATE TOTAL only based on SNWA planning area. 

3) Water Resource Plan. (SNWA, 2009). 
4) Consistent with methodologies in the SNWA Water Resources Plan, 

2009, municipal SNWA demand (computed as population times per 
capita use) is reduced by groundwater supply and reclaimed waters 
before multiplying by 1/1.7 (59 percent) to obtain consumptive municipal 
demand.  

5) M&I demand in "Other" Category provided by SNWA based on 
contracted build-out of development outside of SNWA's service area. 

5a) Row 13 (SSI) in 2011, SNWA planning area -water added to the AZ 
groundwater bank. 

 
6) 

  
FWR demand in "Other" Category provided by SNWA based on 
contracted recreation use outside of SNWA's service area. 

7) Tribal demand in "Other" Category based on the Ten Tribes Partnership 
schedule included in the Colorado River Interim Surplus Criteria Final 
Environmental Impact Statement (Reclamation, 2000). 

8) Total Hydrologic Basin in "Other" Category based on contracted amount. 
Users will grow into their contract amount (28,405) by 2031. 

9) Calculated from the sum of Hydrologic Basin (Consumptive) Demand 
and Adjacent Areas (Diversion) Demand. 

10) Includes potential consumptive use banked water through ICS (Coyote 
Spring, Muddy/Virgin, Drop 2) and AZ groundwater bank. 

11) Calculated as total demand minus other sources. 
12) Colorado River demand is distributed among categories according to 

distribution of total Study Area demand in that planning area.  

NEVADA LEGEND: 999 From States 999 From State Plans
Units are thousand acre-feet per year, unless otherwise noted 999 Calculated 999 From Study Team

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 0 0 0 0 0 0 0 0 0

Per-Acre Water Delivery (Diversion) [af/ac/yr] 0 0 0 0 0 0 0 0 0
Consumptive factor [%] 0% 0% 0% 0% 0% 0% 0% 0% 0%

Demand (Consumptive) 0 0 0 0 0 0 0 0 0
Municipal and Industrial (M&I) Population [thousands] 2,561 3,525 4,434 0 0 0 2,561 3,525 4,434 1

M&I Per Capita Use (Diversion) [gpcd] 237 199 190 237 199 190 2
Consumptive factor [%] 59% 59% 59% 59% 59% 59% 3

M&I Demand (Consumptive) 358 421 513 0 0 0 358 421 513 4
Self Served Industrial Demand (Consumptive) 0 0 0 8 17 17 8 17 17 5

Demand (Consumptive) 358 421 513 8 17 17 366 438 530
Energy Demand (Consumptive) 0 0 0 0 0 0 0 0 0
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 2 2 2 2 2 2 6
Tribal Demand (Consumptive) 0 0 0 9 9 9 9 9 9 7

Total Hydrologic Basin Demand (Consumptive) 358 421 513 19 28 28 377 449 541 8

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population[thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 358 421 513 19 28 28 377 449 541 9

Demand that may be met by Other Supplies 77 64 24 0 0 0 77 64 24 10

Potential Colorado River Demand 281 357 489 19 28 28 300 385 517 11
Agricultural Colorado River Demand 0 0 0 0 0 0 0 0 0
Municipal and Industrial Colorado River Demand 281 357 489 8 17 17 289 374 506 12
Energy Colorado River Demand 0 0 0 0 0 0 0 0 0
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 2 2 2 2 2 2
Tribal Colorado River Demand 0 0 0 9 9 9 9 9 9

SNWA Other STATE TOTAL
Notes
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TABLE C8-3 
Total Demand within Study Area under Slow Growth (B) Scenario 

 
 

Notes 
1) No change from Current Projected. 
2) No change from Current Projected. 
3) 2009 Water Resource Plan - Clark County Short 

Term Adjustment to CBER. 2008. Population 
Forecast. SNWA services ~97 percent of Clark 
County's population. 

4) No change from Current Projected. 
5) No change from Current Projected. 

  
6) 

  
No change from Current Projected. 

7) No change from Current Projected. 
8) No change from Current Projected. 
9) No change from Current Projected. 

10) No change from Current Projected. 
11) Colorado River demand is distributed among 

categories according to distribution of total Study 
Area demand in that planning area.  

 
  

NEVADA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 0 0 0 0 0 0 0 0 0 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 0.00 0.00 0.00 0.00 0.00 0.00 0 0 0 2
Consumptive factor [%] 0% 0% 0% 0% 0% 0% 0% 0% 0%

Demand (Consumptive) 0 0 0 0 0 0 0 0 0
Municipal and Industrial (M&I) Population [thousands] 2,375 3,306 4,215 0 0 0 2,375 3,306 4,215 3

M&I Per Capita Use (Diversion) [gpcd] 237 199 190 237 199 190 4
Consumptive factor [%] 59% 59% 59% 59% 59% 59%

M&I Demand (Consumptive) 329 392 485 0 0 0 329 392 485
Self Served Industrial Demand (Consumptive) 0 0 0 8 17 17 8 17 17 5

Demand (Consumptive) 329 392 485 8 17 17 337 410 503
Energy Demand (Consumptive) 0 0 0 0 0 0 0 0 0 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 2 2 2 2 2 2 8
Tribal Demand (Consumptive) 0 0 0 9 9 9 9 9 9 9

Total Hydrologic Basin Demand (Consumptive) 329 392 485 19 28 28 348 421 514

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population[thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 329 392 485 19 28 28 348 421 514

Demand that may be met by Other Supplies 48 64 24 0 0 0 48 64 24 10

Potential Colorado River Demand 281 328 461 19 28 28 300 357 490
Agricultural Colorado River Demand 0 0 0 0 0 0 0 0 0 11
Municipal and Industrial Colorado River Demand 281 328 461 8 17 17 289 346 479
Energy Colorado River Demand 0 0 0 0 0 0 0 0 0
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 2 2 2 2 2 2
Tribal Colorado River Demand 0 0 0 9 9 9 9 9 9

SNWA Other STATE TOTAL
Notes
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TABLE C8-4 
Total Demand within Study Area under Rapid Growth (C1) Scenario 

 
 
Notes 

1) No change from Current Projected. 
2) No change from Current Projected. 
3) Clark County population: for 2011 used 2008 CBER 

population from 2012 to 2030 marginally increased 
population projection by the 2008 CBER annual growth 
rates to illustrate an Expansive Scenario, then a fixed 
absolute annual growth of ~52,000 annually. SNWA 
services ~97 percent of Clark County's population. 

4) No change from Current Projected. 

  
5) No change from Current Projected. 
6) No change from Current Projected. 
7) No change from Current Projected. 
8) No change from Current Projected. 
9) No change from Current Projected. 

10) No change from Current Projected. 
11) Colorado River demand is distributed among 

categories according to distribution of total Study Area 
demand in that planning area.  

 
  

NEVADA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 0 0 0 0 0 0 0 0 0 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 0.00 0.00 0.00 0.00 0.00 0.00 0 0 0 2
Consumptive factor [%] 0% 0% 0% 0% 0% 0% 0% 0% 0%

Demand (Consumptive) 0 0 0 0 0 0 0 0 0
Municipal and Industrial (M&I) Population [thousands] 2,576 3,840 5,097 0 0 0 2,576 3,840 5,097 3

M&I Per Capita Use (Diversion) [gpcd] 237 199 190 237 199 190 4
Consumptive factor [%] 59% 59% 59% 59% 59% 59%

M&I Demand (Consumptive) 360 462 596 0 0 0 360 462 596
Self Served Industrial Demand (Consumptive) 0 0 0 8 17 17 8 17 17 5

Demand (Consumptive) 360 462 596 8 17 17 368 480 613
Energy Demand (Consumptive) 0 0 0 0 0 0 0 0 0 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 2 2 2 2 2 2 8
Tribal Demand (Consumptive) 0 0 0 9 9 9 9 9 9 9

Total Hydrologic Basin Demand (Consumptive) 360 462 596 19 28 28 379 491 624

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population[thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 360 462 596 19 28 28 379 491 624

Demand that may be met by Other Supplies 79 64 24 0 0 0 79 64 24 10

Potential Colorado River Demand 281 398 572 19 28 28 300 427 600
Agricultural Colorado River Demand 0 0 0 0 0 0 0 0 0 11
Municipal and Industrial Colorado River Demand 281 398 572 8 17 17 289 416 589
Energy Colorado River Demand 0 0 0 0 0 0 0 0 0
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 2 2 2 2 2 2
Tribal Colorado River Demand 0 0 0 9 9 9 9 9 9

SNWA Other STATE TOTAL
Notes
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TABLE C8-5 
Total Demand within Study Area under Rapid Growth (C2) Scenario 

 
 
Notes 
1) No change from Current Projected. 
2) No change from Current Projected. 
3) Clark County population: for 2011 used 2008 CBER 

Population from 2012 to 2030 marginally increased 
population projection by the 2008 CBER annual growth 
rates to illustrate an Expansive Scenario, then a fixed 
absolute annual growth of ~52,000 annually. SNWA 
services ~97 percent of Clark County's population. 

4) No change from Current Projected.  
 

  
5) 

  
No change from Current Projected. 

6) No change from Current Projected. 
7) No change from Current Projected. 
8) No change from Current Projected. 
9) No change from Current Projected. 

10) No change from Current Projected. 
11) Colorado River demand is distributed among categories 

according to distribution of total Study Area demand in 
that planning area.  

 
 

NEVADA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 0 0 0 0 0 0 0 0 0 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 0.00 0.00 0.00 0.00 0.00 0.00 0 0 0 2
Consumptive factor [%] 0% 0% 0% 0% 0% 0% 0% 0% 0%

Demand (Consumptive) 0 0 0 0 0 0 0 0 0
Municipal and Industrial (M&I) Population [thousands] 2,576 3,840 5,097 0 0 0 2,576 3,840 5,097 3

M&I Per Capita Use (Diversion) [gpcd] 237 199 190 237 199 190 4
Consumptive factor [%] 59% 59% 59% 59% 59% 59%

M&I Demand (Consumptive) 360 462 596 0 0 0 360 462 596
Self Served Industrial Demand (Consumptive) 0 0 0 8 17 17 8 17 17 5

Demand (Consumptive) 360 462 596 8 17 17 368 480 613
Energy Demand (Consumptive) 0 0 0 0 0 0 0 0 0 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 2 2 2 2 2 2 8
Tribal Demand (Consumptive) 0 0 0 9 9 9 9 9 9 9

Total Hydrologic Basin Demand (Consumptive) 360 462 596 19 28 28 379 491 624

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population[thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 360 462 596 19 28 28 379 491 624

Demand that may be met by Other Supplies 79 64 24 0 0 0 79 64 24 10

Potential Colorado River Demand 281 398 572 19 28 28 300 427 600
Agricultural Colorado River Demand 0 0 0 0 0 0 0 0 0 11
Municipal and Industrial Colorado River Demand 281 398 572 8 17 17 289 416 589
Energy Colorado River Demand 0 0 0 0 0 0 0 0 0
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 2 2 2 2 2 2
Tribal Colorado River Demand 0 0 0 9 9 9 9 9 9

SNWA Other STATE TOTAL
Notes
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TABLE C8-6 
Total Demand within Study Area under Enhanced Environment (D1) Scenario 

 
 
Notes 

1) No change from Current Projected. 
2) No change from Current Projected. 
3) No change from Current Projected. 
4) No change from Current Projected. 
5) No change from Current Projected. 
6) No change from Current Projected. 
7) No change from Current Projected. 

  
8) 

  
No change from Current Projected. 

9) No change from Current Projected. 
10) No change from Current Projected. 
11) Colorado River demand is distributed among 

categories according to distribution of total Study Area 
demand in that planning area. 

 
  

NEVADA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 0 0 0 0 0 0 0 0 0 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 0.00 0.00 0.00 0.00 0.00 0.00 0 0 0 2
Consumptive factor [%] 0% 0% 0% 0% 0% 0% 0% 0% 0%

Demand (Consumptive) 0 0 0 0 0 0 0 0 0
Municipal and Industrial (M&I) Population [thousands] 2,561 3,525 4,434 0 0 0 2,561 3,525 4,434 3

M&I Per Capita Use (Diversion) [gpcd] 237 199 190 237 199 190 4
Consumptive factor [%] 59% 59% 59% 59% 59% 59%

M&I Demand (Consumptive) 358 421 513 0 0 0 358 421 513
Self Served Industrial Demand (Consumptive) 0 0 0 8 17 17 8 17 17 5

Demand (Consumptive) 358 421 513 8 17 17 366 438 530
Energy Demand (Consumptive) 0 0 0 0 0 0 0 0 0 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 2 2 2 2 2 2 8
Tribal Demand (Consumptive) 0 0 0 9 9 9 9 9 9 9

Total Hydrologic Basin Demand (Consumptive) 358 421 513 19 28 28 377 449 541

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population[thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 358 421 513 19 28 28 377 449 541

Demand that may be met by Other Supplies 77 64 24 0 0 0 77 64 24 10

Potential Colorado River Demand 281 357 489 19 28 28 300 385 517
Agricultural Colorado River Demand 0 0 0 0 0 0 0 0 0 11
Municipal and Industrial Colorado River Demand 281 357 489 8 17 17 289 374 506
Energy Colorado River Demand 0 0 0 0 0 0 0 0 0
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 2 2 2 2 2 2
Tribal Colorado River Demand 0 0 0 9 9 9 9 9 9

SNWA Other STATE TOTAL
Notes
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TABLE C8-7 
Total Demand within Study Area under Enhanced Environment (D2) Scenario 

 

 
Notes 

1) No change from Current Projected. 
2) No change from Current Projected. 
3) No change from Current Projected. 
4) No change from Current Projected. 
5) No change from Current Projected. 
6) No change from Current Projected. 

  
7) 

  
No change from Current Projected. 

8) No change from Current Projected. 
9) No change from Current Projected. 

10) No change from Current Projected. 
11) Colorado River demand is distributed among categories 

according to distribution of total Study Area demand in 
that planning area.  

 

NEVADA LEGEND: 999 From Current Projected Data Sheet 999 Computed
Units are thousand acre-feet per year, unless otherwise noted 999 Input Parameter

Planning Area
Hydrologic Basin Year 2015 2035 2060 2015 2035 2060 2015 2035 2060
Agricultural Irrigated Acreage [thousands] 0 0 0 0 0 0 0 0 0 1

Per-Acre Water Delivery (Diversion) [af/ac/yr] 0.00 0.00 0.00 0.00 0.00 0.00 0 0 0 2
Consumptive factor [%] 0% 0% 0% 0% 0% 0% 0% 0% 0%

Demand (Consumptive) 0 0 0 0 0 0 0 0 0
Municipal and Industrial (M&I) Population [thousands] 2,576 3,840 5,097 0 0 0 2,576 3,840 5,097 3

M&I Per Capita Use (Diversion) [gpcd] 237 199 190 237 199 190 4
Consumptive factor [%] 59% 59% 59% 59% 59% 59%

M&I Demand (Consumptive) 360 462 596 0 0 0 360 462 596
Self Served Industrial Demand (Consumptive) 0 0 0 8 17 17 8 17 17 5

Demand (Consumptive) 360 462 596 8 17 17 368 480 613
Energy Demand (Consumptive) 0 0 0 0 0 0 0 0 0 6
Minerals Demand (Consumptive) 0 0 0 0 0 0 0 0 0 7
Fish, Wildlife, and Recreation Demand (Consumptive) 0 0 0 2 2 2 2 2 2 8
Tribal Demand (Consumptive) 0 0 0 9 9 9 9 9 9 9

Total Hydrologic Basin Demand (Consumptive) 360 462 596 19 28 28 379 491 624

Adjacent Areas
Agricultural Irrigated Acreage [thousands]

Per-Acre Water Delivery (Diversion) [af/ac/yr]
Consumptive factor [%]

Demand (Diversion)
Demand (Consumptive)

Municipal and Industrial (M&I) Population[thousands]
M&I Per Capita Use (Diversion) [gpcd]

Consumptive factor [%]
M&I Demand (Diversion)

Self Served Industrial Demand (Diversion)
Demand (Diversion)

Demand (Consumptive)
Energy Demand (Diversion)
Minerals Demand (Diversion)
Fish, Wildlife, and Recreation Demand (Diversion)
Tribal Demand (Diversion)

Total Adjacent Areas Demand (Diversion) 0 0 0 0 0 0 0 0 0

Total Demand in the Study Area 360 462 596 19 28 28 379 491 624

Demand that may be met by Other Supplies 79 64 24 0 0 0 79 64 24 10

Potential Colorado River Demand 281 398 572 19 28 28 300 427 600
Agricultural Colorado River Demand 0 0 0 0 0 0 0 0 0 11
Municipal and Industrial Colorado River Demand 281 398 572 8 17 17 289 416 589
Energy Colorado River Demand 0 0 0 0 0 0 0 0 0
Minerals Colorado River Demand 0 0 0 0 0 0 0 0 0
Fish, Wildlife, and Recreation Colorado River Demand 0 0 0 2 2 2 2 2 2
Tribal Colorado River Demand 0 0 0 9 9 9 9 9 9

SNWA Other STATE TOTAL
Notes
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Appendix C9 ─ Tribal Water Demand 
Scenario Quantification 

1.0 Introduction 
Federally recognized tribes (tribes) hold quantified rights to a significant amount of water from 
the Colorado River and its tributaries (approximately 2.9 million acre-feet of annual diversion 
rights). In many cases, these rights are senior to other uses. Therefore, representing these rights 
and the associated demand is a critical component to assessing future water demand in the 
Colorado River Basin (Basin). An additional component of future demand is an assessment of 
demands by tribes that have unquantified rights or claims. Where information on these 
unquantified rights or claims was provided by tribes, it was included in the Study, as appropriate, 
however, this information is not reflected in future tribal water demand projections.1 

Based on quantified rights and with additional input from tribes, future demand for water by 
tribes in the Basin has been quantified by the Study. The term “quantified rights,” as used in the 
context of the Study, is defined as the amount of rights reserved by or granted to tribes by federal 
court decrees, state court decrees, treaties, agreements, and Executive Orders. This appendix 
presents tribal rights and the associated future tribal demand for Colorado River water under the 
Study’s various water demand scenarios.  

Throughout the Study, the Bureau of Reclamation (Reclamation) met with tribes in the 
Upper Colorado River Basin, Lower Colorado River mainstem, and tribes served by water provided 
(directly or pursuant to exchanges) through the Central Arizona Project (CAP) facilities under 
contracts between tribes and the United States (see the Tribal discussion in the Colorado River 
Water Demand by Category section). In addition, Reclamation worked collaboratively with the Ten 
Tribes Partnership (Partnership), whose members have landholdings in the Upper and Lower 
Basins through which the Colorado River and various tributaries flow, as well as the Inter Tribal 
Council of Arizona (ITCA), whose members are the governments of 20 tribes with land in 
Arizona.  

1.1 Indian Trust Assets 
The United States has a trust responsibility to protect and maintain rights reserved by or granted to 
tribes by federal court decrees, state court decrees, treaties, agreements, and Executive Orders. The 
Indian Trust Assets (ITAs) entitled to protection under the trust responsibility include tribes’ 
federally reserved water rights. A tribe may also have other off-reservation interests and concerns 
that must be taken into account. 

Each tribe’s water rights determination is multifaceted and contains numerous provisions. The 
information in this appendix is limited to the United States’ obligations with regard to current 
and future Colorado River water delivery to tribes, including tributaries in the Upper Basin. 
The information in this appendix is not intended to provide an interpretation of the water rights 
of any tribe.  
                                                 

1 Demands provided by the Navajo Nation include both quantified and unquantified rights. See section 3.1.2 for more detail.  
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2.0 Process for Quantifying Tribal Demand 
The Study implemented a scenario planning process to examine the uncertainty in future water 
supply and demand through the development of multiple future scenarios (see Technical 
Report A – Scenario Development). Representatives of several organizations participated in the 
development of the water demand scenarios, including water management entities, federal 
resource management agencies, tribes, conservation organizations, and others interested in the 
Basin. This collaboration was accomplished through a variety of means, including participation 
in a Water Demand Sub-Team, and direct contact with representatives of specific organizations.  

The scenario planning process involves identifying the key driving forces (factors that likely will 
have the greatest influence on the future state of the system and thereby the performance of the 
system over time); ranking the driving forces as to their relative importance and relative 
uncertainty; and associating the highly uncertain and highly important driving forces, identified 
as critical uncertainties, with either water supply or water demand. One of the key critical 
uncertainties associated with Colorado River water demand relates to tribes. This critical 
uncertainty is titled, “Changes in water availability due to tribal water use and settlement of tribal 
water rights claims.” 

To frame the plausible uncertainty, six demand scenarios were developed with the following 
themes: Current Projected (A), Slow Growth (B), Rapid Growth (C1 and C2), and Enhanced 
Environment (D1 and D2). The Water Demand Sub-Team then developed storylines for each 
scenario. Storylines are narrative descriptions of how the future may unfold and provide the plot 
for describing the scenario. The scenario storylines related to the uncertainty in future tribal 
demand are listed in table C9-1. 
TABLE C9-1  
Storylines Related to Tribal Water Use  

Storyline Related to Tribal Water Use Scenario 

Tribal use develops according to quantified rights and current use patterns. Current Projected (A) 

Tribal use continues to develop but at slower than planned rates.  Slow Growth (B) 

Tribal use and development occur faster than currently planned. In addition, 
new tribal claims and settlements are realized. Rapid Growth (C1) 

Tribal use and development occur faster than currently planned. In addition, 
new tribal claims and settlements are realized. Rapid Growth (C2) 

Tribal use develops according to quantified rights and current use patterns. Enhanced Environment (D1) 

Tribal use and development occur faster than currently planned. In addition, 
new tribal claims and settlements are realized. Enhanced Environment (D2) 

 

The scenario storylines were published in Technical Report A – Scenario Development and 
comments received suggested that the factors driving the trajectory of certain critical uncertainties 
(for example, changes in water needs for energy or changes in agricultural land use) are different 
from those that drive the uncertainty related to tribal water use. Specifically, tribal comments 
pointed out that factors such as increased population and economic development may not be the 
primary drivers for future tribal demands. Tribal governments exercise direct and immediate 
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control over land use decisions and development on tribal trust lands, and these decisions may be 
independent of economic drivers. For instance, under economic conditions where a private entity 
might choose to fallow land, a tribal government may keep land in production simply to cover 
irrigation assessment costs and/or to provide employment. After considering these comments, it 
was decided to change the storyline narratives related to tribal water use by removing economic 
factors. For example, the storyline for the Slow Growth (B) scenario was changed from “Tribal use 
continues to develop but at slower than planned rates due to economic conditions and pressure to 
reduce tribal expenditures or federal settlement expenditures,” to “Tribal use continues to develop 
but at slower than planned rates.” 

In most cases, the quantification of tribal demands relied on information submitted by the 
Partnership, referred to as “the Ten Tribes Partnership Schedule” in this appendix, for use in the 
Colorado River Interim Surplus Criteria Final Environmental Impact Statement (Reclamation, 
2000) and in the more recent Colorado River Interim Guidelines for Lower Basin Shortages and 
Coordinated Operations for Lake Powell and Lake Mead Final Environmental Impact Statement 
(Reclamation, 2007). Some revisions to these projections were made, and alternative demand 
scenarios were quantified based on discussions with and information submitted by individual 
tribes, the Partnership, and the ITCA.  

2.1 Summary of Tribal Colorado River Rights and Demands by Scenario 
Tribes with rights to Colorado River water can be organized into three categories based on 
location: Upper Colorado River Basin tribes, Lower Colorado River Mainstem tribes, and tribes 
served by water provided through the CAP, as described in table C9-2.  

Tables C9-3 to C9-5 summarize tribal water rights and future demands organized by location and 
tribe in acre-feet per year (afy). Section 3, Tribal Summaries of this appendix provides more-
detailed information on each tribe’s rights and projected future demands. In Arizona, both 
Colorado River mainstem water and water that might be conveyed through the CAP facilities 
have been reserved for future settlements.  

In addition to those tribes whose rights to Colorado River water have been confirmed by court 
decree or final settlements, there are tribes whose rights to water have not yet been quantified or 
that have been quantified for only some of their tribal lands. Such tribes are listed in the 
following section.  

The applicability of the storylines in projecting future tribal demand varies for each tribe. For 
some tribes, the storylines provide a range of future demands; for other tribes, the storylines do 
not apply and there is no variation in future demands. Additionally, some tribes currently use 
their full right and in these cases there is also no variation in future demands.  
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TABLE C9-2 
Upper Colorado River Basin Tribes, Lower Colorado River Mainstem Tribes, and Tribes Served by Water Provided  
through the CAP 

Upper Colorado River Basin Tribes  

Jicarilla Apache Nation New Mexico 

Navajo Nation Arizona, New Mexico, and Utah 

Southern Ute Indian Tribe Colorado 

Ute Indian Tribe of the Uintah and Ouray Reservation Utah 

Ute Mountain Ute Tribe Colorado, New Mexico, and Utah 

Lower Colorado River Mainstem Tribes1 

Chemehuevi Indian Tribe California 

Cocopah Indian Tribe Arizona 

Colorado River Indian Tribes Arizona and California 

Fort Mojave Indian Tribe Arizona, Nevada, and California 

Hopi Tribe Arizona 

Quechan Indian Tribe Arizona and California 

Tribes served through the Central Arizona Project  

Ak-Chin Indian Community Arizona 

Fort McDowell Yavapai Nation Arizona 

Gila River Indian Community Arizona 

Pascua Yaqui Tribe Arizona 

Salt River Pima-Maricopa Indian Community Arizona 

San Carlos Apache Tribe Arizona 

Tohono O'odham Nation Arizona 

Tonto Apache Tribe Arizona 

White Mountain Apache Tribe Arizona 

Yavapai-Apache Nation Arizona 

Yavapai-Prescott Tribe Arizona 
1 The Zuni Indian Tribe has rights to Little Colorado River water in Arizona and the Moapa Band of Paiutes has rights to water in 

      the Muddy River, Nevada. The modeling of these tributaries assume future demand to be consistent with historical demand on 
      these rivers. See Technical Report C – Water Demand Assessment, for more information on the modeling of Lower Basin 
      tributaries. 
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TABLE C9-3 
Upper Colorado River Basin Tribal Rights and Future Demands 

State Tribe 

Diversion 
Entitlement 

(Water 
Right) (afy) 

Depletion 
Entitlement 

(Water 
Right) (afy) Scenario 

Diversion Depletion Diversion Depletion Diversion Depletion 

2015 (afy) 2035 (afy) 2060 (afy) 

NM Jicarilla Apache 
Nation 

45,683 34,195 Current Projected (A) 36,932 27,650 44,841 33,295 45,683 34,195 

  
Slow Growth (B) 36,932 27,650 44,841 33,295 45,683 34,195 

  
Rapid Growth (C1) 36,932 27,650 45,683 34,195 45,683 34,195 

  
Rapid Growth (C2) 36,932 27,650 45,683 34,195 45,683 34,195 

  
Enhanced Environment ( D1) 36,932 27,650 44,841 33,295 45,683 34,195 

  
Enhanced Environment (D2) 36,932 27,650 45,683 34,195 45,683 34,195 

NM Navajo Nation1  606,660 325,670 Current Projected (A) 506,348 271,820 608,085 326,435 612,863 329,000 

  
Slow Growth (B) 506,348 271,820 608,085 326,435 612,863 329,000 

  
Rapid Growth (C1) 517,972 278,060 699,633 375,580 915,756 491,600 

  
Rapid Growth (C2) 517,972 278,060 699,633 375,580 915,756 491,600 

  
Enhanced Environment (D1) 506,348 271,820 608,085 326,435 612,863 329,000 

  
Enhanced Environment (D2) 517,972 278,060 699,633 375,580 915,756 491,600 

AZ Navajo Nation  
(Upper Basin) 

NA NA Current Projected (A) 49,125 47,987 49,207 47,707 49,207 47,707 

  
Slow Growth (B) 49,125 47,987 49,207 47,707 49,207 47,707 

  
Rapid Growth (C1) 43,437 42,431 61,088 59,226 77,621 75,255 

  
Rapid Growth (C2) 43,437 42,431 61,088 59,226 77,621 75,255 

  
Enhanced Environment (D1) 49,125 47,987 49,207 47,707 49,207 47,707 

  
Enhanced Environment (D2) 43,437 42,431 61,088 59,226 77,621 75,255 

AZ Navajo Nation  
(Lower Basin) 

NA NA Current Projected (A) 0 0 0 0 0 0 

  
Slow Growth (B) 0 0 0 0 0 0 

  Rapid Growth (C1) 16,456 16,075 74,055 71,798 126,767 122,903 

  Rapid Growth (C2) 16,456 16,075 74,055 71,798 126,767 122,903 

  Enhanced Environment (D1) 0 0 0 0 0 0 

  Enhanced Environment (D2) 16,456 16,075 74,055 71,798 126,767 122,903 
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TABLE C9-3 
Upper Colorado River Basin Tribal Rights and Future Demands 

State Tribe 

Diversion 
Entitlement 

(Water 
Right) (afy) 

Depletion 
Entitlement 

(Water 
Right) (afy) Scenario 

Diversion Depletion Diversion Depletion Diversion Depletion 

2015 (afy) 2035 (afy) 2060 (afy) 

UT Navajo Nation  NA NA Current Projected (A) 0 0 0 0 0 0 

  Slow Growth (B ) 0 0 0 0 0 0 

  Rapid Growth (C1) 26,204 13,102 79,876 39,938 156,692 78,346 

  Rapid Growth (C2) 26,204 13,102 79,876 39,938 156,692 78,346 

  Enhanced Environment (D1) 0 0 0 0 0 0 

  Enhanced Environment (D2) 26,204 13,102 79,876 39,938 156,692 78,346 

CO Southern Ute 
Indian Tribe 

137,090 74,318 Tribal demand in Colorado is embedded in other demand categories within the state. 

UT Ute Indian Tribe 
of the Uintah 
and Ouray 
Reservation2 

480,594 258,943 Current Projected (A) 480,594 258,943 480,594 258,943 480,594 258,943 

  Slow Growth (B) 316,354 170,451 447,747 241,245 480,594 258,943 

  Rapid Growth (C1) 480,594 258,943 480,594 258,943 480,594 258,943 

  Rapid Growth (C2) 480,594 258,943 480,594 258,943 480,594 258,943 

  Enhanced Environment (D1) 480,594 258,943 480,594 258,943 480,594 258,943 

  Enhanced Environment (D2) 480,594 258,943 480,594 258,943 480,594 258,943 

CO Ute Mountain 
Ute Tribe 

88,358 51,081 Tribal demand in Colorado is embedded in other demand categories within the state. 

1 The diversion and depletion demands of the Navajo Nation from the Colorado River in the Upper Basin in New Mexico are not limited by the Navajo Nation San Juan River in 
      New Mexico Water Rights Settlement; however, the Navajo Nation agrees to be bound by the terms of that settlement so long as the Settlement is effective. To the extent that the 
      Navajo Nation demands exceed the amounts provided in the settlement, the Nation may seek to acquire water from other users or from sources other than the Colorado River to meet 
      any unmet demands. 

2 The diversion and depletion associated with the demand for the Ute Indian Tribe of the Uintah and Ouray Reservation is dependent upon the re-ratification of the Revised Ute 
       Indian Compact of 1990 by the tribe and the State of Utah. 
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TABLE C9-4 
Lower Colorado River Mainstem Tribal Rights and Future Demands 

State Tribe 

Diversion 
Entitlement 

(Water 
Right) (afy)1 

Net 
Acres2 Scenario 

Diversion Depletion Diversion Depletion Diversion Depletion 

2015 (afy) 2035 (afy) 2060 (afy) 

CA Chemehuevi Indian 
Tribe 11,340 1,900 All Scenarios 11,340 8,000 11,340 8,000 11,340 8,000 

AZ Cocopah Indian 
Tribe 

10,847 1,714 Current Projected (A) 10,847 9,412 10,847 9,412 10,847 9,412 

  
Slow Growth (B) 5,311 4,607 5,311 4,607 5,311 4,607 

  
Rapid Growth (C1) 10,847 9,412 10,847 9,412 10,847 9,412 

  
Rapid Growth (C2) 10,847 9,412 10,847 9,412 10,847 9,412 

  
Enhanced Environment (D1) 10,847 9,412 10,847 9,412 10,847 9,412 

  
Enhanced Environment (D2) 10,847 9,412 10,847 9,412 10,847 9,412 

AZ Colorado River 
Indian Tribes 

662,402 99,375 Current Projected (A) 662,402 463,000 662,402 463,000 662,402 463,000 

  
Slow Growth (B) 650,596 386,721 650,596 386,721 650,596 386,721 

  
Rapid Growth (C1) 662,402 463,000 662,402 463,000 662,402 463,000 

  
Rapid Growth (C2) 662,402 463,000 662,402 463,000 662,402 463,000 

  
Enhanced Environment (D1) 662,402 463,000 662,402 463,000 662,402 463,000 

  
Enhanced Environment (D2) 662,402 463,000 662,402 463,000 662,402 463,000 

CA Colorado River 
Indian Tribes 56,846 8,528 All Scenarios 56,846 39,000 56,846 39,000 56,846 39,000 

AZ Fort Mojave Indian 
Tribe 

103,535 16,018 Current Projected (A) 103,535 73,000 103,535 73,000 103,535 73,000 

  
Slow Growth (B) 72,757 40,671 72,757 40,671 72,757 40,671 

  
Rapid Growth (C1) 103,535 73,000 103,535 73,000 103,535 73,000 

  
Rapid Growth (C2) 103,535 73,000 103,535 73,000 103,535 73,000 

  
Enhanced Environment (D1) 103,535 73,000 103,535 73,000 103,535 73,000 

  
Enhanced Environment (D2) 103,535 73,000 103,535 73,000 103,535 73,000 

CA Fort Mojave Indian 
Tribe 16,720 2,587 All Scenarios 16,720 8,995 16,720 8,995 16,720 8,995 

NV Fort Mojave Indian 
Tribe 12,534 1,939 All Scenarios 12,534 9,000 12,534 9,000 12,534 9,000 
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TABLE C9-4 
Lower Colorado River Mainstem Tribal Rights and Future Demands 

State Tribe 

Diversion 
Entitlement 

(Water 
Right) (afy)1 

Net 
Acres2 Scenario 

Diversion Depletion Diversion Depletion Diversion Depletion 

2015 (afy) 2035 (afy) 2060 (afy) 

AZ Hopi Tribe 6,028 
 

Current Projected (A) 4,278 2,984 4,278 2,984 4,278 2,984 

  
Slow Growth (B) 4,278 3,133 4,278 3,133 4,278 3,133 

  
Rapid Growth (C1) 4,278 2,984 4,278 2,984 4,278 2,984 

  
Rapid Growth (C2) 4,065 2,835 4,065 2,835 4,065 2,835 

  
Enhanced Environment (D1) 4,278 2,984 4,278 2,984 4,278 2,984 

  
Enhanced Environment (D2) 4,065 2,835 4,065 2,835 4,065 2,835 

CA Quechan Indian 
Tribe 71,616 10,742 All Scenarios 71,616 36,000 71,616 36,000 71,616 36,000 

AZ Quechan Indian 
Tribe 

6,350 952 Current Projected (A) 6,350 3,670 6,350 3,670 6,350 3,670 

  
Slow Growth (B) 1,256 726 1,256 726 1,256 726 

  
Rapid Growth (C1) 6,350 3,670 6,350 3,670 6,350 3,670 

  
Rapid Growth (C2) 6,350 3,670 6,350 3,670 6,350 3,670 

  
Enhanced Environment (D1) 6,350 3,670 6,350 3,670 6,350 3,670 

  
Enhanced Environment (D2) 6,350 3,670 6,350 3,670 6,350 3,670 

AZ Future settlements 
in Colorado River 
Simulation System 
(CRSS) 

NA NA All Scenarios 0 0 3,500 3,500 3,500 3,500 

1 The quantity of water in each instance is measured by (i) diversions or (ii) consumptive use required for irrigation of the respective acreage and for satisfaction of related uses, 
        whichever of (i) or (ii) is less.  

2 Net acres from Arizona v. California 
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TABLE C9-5 
Tribes with CAP allocations, Tribal Rights and Future Demands 

State Tribe 

Diversion 
Entitlement  

(Water Right) (afy) 
Scenario 

Diversion Diversion Diversion 

2015 (afy) 2035 (afy) 2060 (afy) 

AZ Ak-Chin Indian Community (CAP) 25,0001 All Scenarios 25,000 25,000 25,000 

AZ Ak-Chin Indian Community (Mainstem water) 50,000 All Scenarios 50,000 50,000 50,000 

AZ Fort McDowell Yavapai Nation 18,233 All Scenarios 18,233 18,233 18,233 

AZ Gila River Indian Community 208,200 All Scenarios 208,200 208,200 208,200 

AZ Gila River Indian Community NIAR  
(Non-Indian Agriculture Relinquished) 120,600 All Scenarios 0 120,600 120,600 

AZ Pascua Yaqui Tribe 500 All Scenarios 500 500 500 

AZ Salt River Pima-Maricopa Indian Community 13,300 All Scenarios 13,300 13,300 13,300 

AZ Salt River Pima-Maricopa Indian Community  
(Priority 3 Mainstem water) 22,000 All Scenarios 22,000 22,000 22,000 

AZ San Carlos Apache Tribe 30,845 All Scenarios 30,845 30,845 30,845 

AZ San Carlos Apache Tribe – Ak Chin Transfer2 33,300 All Scenarios 12,655 12,655 12,655 

AZ Tohono O'odham Nation – Sif Oidak 8,000 All Scenarios 8,000 8,000 8,000 

AZ Tohono O'odham Nation – San Xavier 27,000 All Scenarios 27,000 27,000 27,000 

AZ Tohono O'odham Nation – San Xavier NIAR 23,000 All Scenarios 7,340 23,000 23,000 

AZ Tohono O'odham Nation – Schuk Toak 10,800 All Scenarios 10,800 10,800 10,800 

AZ Tohono O'odham Nation – Schuk Toak NIAR 5,200 All Scenarios 1,660 5,200 5,200 

AZ Tonto Apache Tribe 128 All Scenarios 128 128 128 

AZ White Mountain Apache Tribe 25,000 All Scenarios 2,031 25,000 25,000 

AZ Yavapai-Apache Nation 1,200 All Scenarios 1,200 1,200 1,200 

AZ Yavapai-Prescott Tribe 500 All Scenarios 500 500 500 

AZ Future Settlements3  NA All Scenarios 1,487 43,518 43,518 
1 When sufficient surface water is available in the CAP canal, Ak-Chin Indian Community is entitled to up to 10,000 afy in addition to the 75,000 afy shown in this row and the 

       next row. For all scenarios, it is assumed that there is demand for this water. 
2 Assumes remaining entitlement will be leased and represented as non-tribal demand in the Study. 
3 42.3 thousand acre-feet of these future settlement waters are provided through NIAR. 
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3.0 Tribal Summaries 
The following sections describe quantified water rights and future tribal demands for each tribe 
or community. 

3.1 Upper Colorado River Basin Tribes 

3.1.1 Jicarilla Apache Nation 
The Jicarilla Apache Nation Indian Reservation is located in the upper reaches of the San Juan 
River Basin and the Rio Chama Basin in northwestern New Mexico. The reservation straddles 
the Continental Divide. 

In 1992, Congress enacted the Jicarilla Apache Tribe Water Rights Settlement Act, Pub. L. 
No. 102-441,106 Stat.2237 (1992) (Settlement Act). Pursuant to the Settlement Act, the Nation 
is authorized to divert 40,000 afy from the San Juan River Basin, 32,000 afy of which may be 
depleted. The Settlement Act provides the Nation the right to divert 33,500 afy or deplete 
25,500 afy of its total water right from either the Navajo Reservoir supply or directly from the 
Navajo River as it crosses the Jicarilla Apache Indian Reservation. It also authorizes the Nation 
to divert and deplete 6,500 afy from the San Juan River Basin through the San Juan-Chama 
Project. In a settlement contract between the Nation and the Secretary of the Interior, the Nation 
agreed to subordinate its 1880 priority date for the 40,000 afy (diversion) of “future use” federal 
reserved water rights in exchange for the 1955 priority date associated with the two federal 
projects. The settlement contract is ratified by the Settlement Act. These are fully adjudicated 
rights, which, by virtue of the Settlement Act, the Nation may market to the full extent that the 
law allows. The Nation’s long-term plans for this water include both off-reservation leasing and 
on-reservation development. 

In addition to the water rights adjudicated in accordance with the Settlement Act, the Nation also 
has adjudicated rights to divert 5,683.92 afy or to deplete 2,195 afy, whichever is less, for 
historical and existing water uses. Therefore, the Nation’s total water diversion rights from the 
San Juan River Basin amount to 45,683 afy, and the Nation’s overall depletion rights from the 
San Juan Basin total 34,195 afy. Table C9-6 lists these diversion and depletion water rights.  

 
TABLE C9-6 
Summary of Jicarilla Apache Nation Water Rights (afy) 

River Basin Right Diversion Location Diversion Right  Depletion Right  

San Juan Navajo Reservoir or Navajo River within 
Jicarilla Apache Indian Reservation  

33,500 25,500 

Via San Juan-Chama Project 6,500 6,500 

Historical Uses 5,683.92 2,195 

Total 45,683 34,195 
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Jicarilla Apache Nation Projected Water Demand 
In CRSS, the diversion locations for the Nation are represented by seven demand points. There 
are two points on the upper San Juan River above Archuleta. A third point represents exports via 
the San Juan-Chama Project. A fourth and fifth point represent Navajo-Gallup Water Supply 
Project diversions, including water leased to the City of Gallup. A sixth point represents 
evaporation from irrigation and recreation lakes, and a seventh point represents water leases from 
Navajo Reservoir for the San Juan Generating Station.  

Under the Current Projected (A), Slow Growth (B), and Enhanced Environment (D1) scenarios, 
demands increase from 2015 demands to the Nation’s full right by 2060. Under the Rapid 
Growth (C1 and C2) and Enhanced Environment (D2) scenarios, demands increase more rapidly 
and reach the Nation’s full right by 2035. Table C9-7 presents the Nation’s projected demand 
schedule by demand scenario. 
TABLE C9-7 
Future Jicarilla Apache Nation Projected Demands by Scenario (afy) 

Scenario 

Diversion Depletion Diversion Depletion Diversion Depletion 

2015 (afy) 2035 2060 

Current Projected (A) 36,932 27,650 44,841 33,295 45,683 34,195 

Slow Growth (B) 36,932 27,650 44,841 33,295 45,683 34,195 

Rapid Growth (C1 and C2) 36,932 27,650 45,683 34,195 45,683 34,195 

Enhanced Environment (D1) 36,932 27,650 44,841 33,295 45,683 34,195 

Enhanced Environment (D2) 36,932 27,650 45,683 34,195 45,683 34,195 

 

3.1.2 Navajo Nation  
The Navajo Nation encompasses an area in excess of 17 million acres, located almost entirely 
within the Basin, in both the Upper Basin and the Lower Basin, within the states of Arizona, 
New Mexico, and Utah. The Nation possesses water rights that are largely unquantified except in 
the San Juan River Basin in New Mexico, Upper Basin. The Nation claims historical, 
appropriative, and reserved rights to the use of all the water necessary for the Nation to be the 
permanent homeland for the Navajo people. Both the U.S. Supreme Court and the Arizona 
Supreme Court have recognized such rights to water. See Winters v. United States, 207 U.S. 564, 
567 (1908) and In re the General Adjudication of All Rights to Use Water in the Gila River 
System and Source, 35 P. 3d 68, 76 (2001). These rights are not lost through non-use and cannot 
be abandoned.  

On March 30, 2009, Congress enacted Public Law 111-11, the Northwestern New Mexico Rural 
Water Project Act (Act), which authorized the United States, acting through the Secretary of 
Interior, to execute an agreement among the Nation, the state of New Mexico, and the United 
States settling the Nation’s water rights to the San Juan River Basin in New Mexico. The 
Secretary executed the Navajo Settlement Agreement (Agreement) on December 17, 2010. 
There are several deadlines that must be met in order for the Agreement to be considered final 
(P.L. 111-11 10701 (e) (1)). For instance, although the Agreement settles the Nation claims 
portion of an underlying water rights adjudication, the court overseeing the adjudication must 
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enter two proposed decrees recognizing the Nation’s water rights (P.L. 111-11 section 10701 (e) 
(1) (A) (iii), and (v)). The entry of the decrees is pending. Although all deadlines are specifically 
identified in the Act, as a general matter all deadlines must be met by March 2025 for the 
settlement to be considered effective (P.L. 111-11 section 10703 (d)).  

Through the settlement, the Nation is entitled to divert 606,660 afy and deplete 325,670 afy 
within New Mexico's apportionment of Colorado River water. The settlement provides for 
reductions of certain Nation diversions if needed to accommodate New Mexico's obligations 
under the Colorado River Compact. Part of the Nation’s Upper Basin San Juan River rights in 
the state of New Mexico will be met with water from the Animas-La Plata Project’s Nighthorse 
Reservoir in Colorado. The amount involved is a diversion of 4,468 afy and a depletion of 
2,340 afy.  

Table C9-8 provides information contained in the proposed Partial Final Decree2 contemplated 
by the Agreement, which primarily addresses the Nation’s water rights associated with the 
San Juan River and groundwater uses in the San Juan River Basin. 
TABLE C9-8 
Navajo Nation San Juan River Water Rights as Described in the Proposed Partial Final Decree (afy) 

 Diversion Depletion Priority 

Navajo Indian Irrigation Project 508,000 270,000 06/17/19551 

Fruitland-Cambridge Irrigation Project 18,180 7,970 06/01/1868 

Hogback-Cudei Irrigation Project 48,550 21,280 06/01/1868 

Navajo-Gallup Water Supply Project 22,650 20,780 06/17/19551 

12/16/19682 

Animas-La Plata Project 4,680 2,340 05/01/19561 

San Juan River municipal and industrial (M&I) 
uses 2,600 1,300 06/01/1868 

Reserved groundwater uses3 2,000 2,000 06/01/1868 

TOTAL: 606,660 325,670  
1 Priorities of June 1, 1868, administered with more recent priorities. 
2 Priority for water from inflows arising below Navajo Dam (per Permit No. 3215). 
3 Pursuant to the proposed Partial Final Decree, the Navajo Nation’s groundwater uses in total, including under the proposed 

rights with a priority date of June 1, 1868, shown in this table, under any additional groundwater rights that might be provided under 
the proposed Supplemental Partial Final Decree, and under any additional rights that might be established under future 
appropriations, may have no more than a 2,000 afy net depletion impact on the San Juan River. Any cumulative impact on river flow 
exceeding 2,000 afy from Navajo Nation groundwater uses would have to be offset by curtailment of Navajo Nation surface water 
uses. 

 

Navajo Nation Projected Water Demand 
In CRSS, the diversion locations for the Nation are represented by 15 demand points. There is 
one point on the upper San Juan River for the Navajo Indian Irrigation Project. Four points 
represent Navajo-Gallup Water Supply Project diversions. A sixth point represents Animas-
La Plata rights. A seventh point represents other M&I uses on the Animas River. Three points 
                                                 

2 The Navajo Settlement Agreement requires that the parties to the Agreement file a joint motion with the 11th Judicial District 
          Court of New Mexico for entry of a Partial Final Decree setting forth the rights of the Navajo Nation to use and administer water of 
          the San Juan Basin in New Mexico. 
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represent irrigation uses below Farmington; two points represent M&I uses below Farmington. 
One point represents small reservoir evaporation. The 14th point represents industrial uses below 
Shiprock, and the 15th point represents tributary irrigation below Four Corners. 

Table C9-9 presents the Nation’s projected demand schedules for the six demand scenarios. 
TABLE C9-9 
Future Navajo Nation Projected Demands by Scenario (afy) 

State Scenario 

Diversion Depletion Diversion Depletion Diversion Depletion 

2015  2035  2060 

AZ 
(Upper 
Basin) 

Current Projected (A) 49,125 47,987 49,207 47,707 49,207 47,707 

Slow Growth (B) 49,125 47,987 49,207 47,707 49,207 47,707 

Rapid Growth (C1 and C2) 43,437 42,431 61,088 59,226 77,621 75,255 

Enhanced Environment (D1) 49,125 47,987 49,207 47,707 49,207 47,707 

Enhanced Environment (D2) 43,437 42,431 61,088 59,226 77,621 75,255 

AZ 
(Lower 
Basin) 

Current Projected (A) 0 0 0 0 0 0 

Slow Growth (B) 0 0 0 0 0 0 

Rapid Growth (C1 and C2) 16,456 16,075 74,055 71,798 126,767 122,903 

Enhanced Environment (D1) 0 0 0 0 0 0 

Enhanced Environment (D2) 16,456 16,075 74,055 71,798 126,767 122,903 

UT Current Projected (A) 0 0 0 0 0 0 

Slow Growth (B) 0 0 0 0 0 0 

Rapid Growth (C1 and C2) 26,204 13,102 79,876 39,938 156,692 78,346 

Enhanced Environment (D1) 0 0 0 0 0 0 

Enhanced Environment (D2) 26,204 13,102 79,876 39,938 156,692 78,346 

NM1 Current Projected (A) 506,348 271,820 608,085 326,435 612,863 329,000 

Slow Growth (B) 506,348 271,820 608,085 326,435 612,863 329,000 

Rapid Growth (C1 and C2) 517,972 278,060 699,633 375,580 915,756 491,600 

Enhanced Environment (D1) 506,348 271,820 608,085 326,435 612,863 329,000 

Enhanced Environment (D2) 517,972 278,060 699,633 375,580 915,756 491,600 
1 The diversion and depletion demands of the Navajo Nation from the Colorado River in the Upper Basin in New Mexico are not 

limited by the Navajo Nation San Juan River in New Mexico Water Rights Settlement; however, the Navajo Nation agrees to be 
bound by the terms of that settlement so long as the Settlement is effective. To the extent that the Navajo Nation demands exceed 
the amounts provided in the settlement, the Nation may seek to acquire water from other users or from sources other than the 
Colorado River to meet any unmet demands. 

The projected demands include both quantified and unquantified rights and claims. The projected 
demands were provided by the Navajo Nation Department of Water Resources and modified to 
fit the storyline narratives regarding tribal use under each scenario. Specifically, the Rapid 
Growth (C1 and C2) scenarios and the Enhanced Environment (D2) scenario assume the 
realization of new tribal claims and settlements, whereas the Current Projected (A) scenario, the 
Slow Growth (B) scenario, and the Enhanced Environment (D1) scenario assume development 
according to quantified rights and current use patterns. Exceptions include the Nation’s demands 
in the Upper Basin of approximately 50,000 afy in Arizona that have not been quantified through 
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an adjudication or settlement. Given that most of the Upper Basin land area is within the 
boundaries of the Nation and most historical and current water development and use have been 
by the Nation, these demands have been included in all scenarios. 

3.1.3 Southern Ute Indian Tribe  
The Southern Ute Indian Tribe is located in southwestern Colorado just west of the Navajo 
Reservoir. The Tribe settled its water rights pursuant to agreement with the State of Colorado 
and the Colorado Ute Indian Water Rights Settlement Act of 1988, Pub. L. No. 100-585, 
102 Stat. 2973 (1988). The Tribe’s water rights are included in Consent Decrees entered 
December 19, 1991. The Settlement Agreement quantified the Southern Ute Indian Tribe’s 
water rights from several rivers and projects, including the Animas-La Plata Project (Project). 
The settlement legislation was subsequently amended in 2000 to eliminate the irrigation 
component and reduce the proposed water depletions for the Project. The construction of the 
Project is almost complete. Reclamation completed filling the reservoir in June 2011 and will 
transfer the Project from construction status to operation and maintenance status in 2012. The 
Settlement Agreement also provides the Tribe with a variety of direct flow rights, with priorities 
ranging from 1868 to 1976 in streams and rivers passing through the Southern Ute Reservation. 
Table C9-10 summarizes the Tribe’s decreed diversion and depletion rights. 
TABLE C9-10 
Southern Ute Indian Tribe Diversion and Depletion Rights (afy) 

Basin Diversion Right Depletion Right 
San Juan 5,729 3,204 
Piedra 6,521 3,580 
Pine1 75,149 40,651 
Florida 4,603 3,689 
Animas 42,244 21,586 
La Plata 2,843 1,607 
Mancos 1 1 

Total 137,090 74,318 
1 Uses not assigned to a specific basin (oil and gas, road construction) included in Pine. 

Southern Ute Indian Tribe Projected Water Demand 
The Tribe’s water use is a part of the state of Colorado’s apportionment. For the Study, at the 
request of the Southern Ute Indian Tribe, tribal demands were not separated from other categories 
within the state of Colorado’s demands. Consequently, the Tribe’s future demands are not shown 
separately from the state’s future demands.  

3.1.4 Ute Indian Tribe of the Uintah and Ouray Reservation 
The Ute Indian Tribe is located in northeastern Utah in the Green River watershed, including 
the Uintah Basin. The Uintah Valley Reservation, created by Executive Order in 1861, and the 
Uncompahgre Reservation, established by Executive Order in 1882, became the Uintah and 
Ouray Reservation for the Uintah, White River, and Uncompahgre Utes. Quantification of the 
Tribe’s reserved water rights began in 1923 when two federal court decrees were issued for 
reserved water rights on some of the tribal lands under the Uintah Indian Irrigation Project.  
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With the authorization of the initial phase of the Central Utah Project under the Colorado River 
Storage Project Act of 1956, 70 Stat. 105, came the realization that the Bonneville Unit of the 
Central Utah Project could not proceed without an agreement with the Tribe to defer the 
development and use of its reserved water rights on 15,242 irrigable acres of Indian lands west 
of the Green River. The 1960 Decker report (Water Right Claims, Uintah and Ouray Indian 
Reservation, Utah) identified and divided the irrigable lands on the reservation into seven groups. 
An agreement between the Tribe, the United States, and the Central Utah Water Conservancy 
District was executed in 1965 (and later recognized by the state of Utah), and resulted in the 
parties’ “full and complete recognition of the water rights of the Tribe, with a priority date of 
1861” (west of the Green River), without resort to litigation (Decker, 1960).  

In the 1980s, the state of Utah and the Tribe ratified the Ute Water Compact, adopting the 
land designations and quantified reserved water rights identified in the Decker report. In 1992, 
Congress approved the Revised Ute Indian Compact of 1990 (Compact), including the 
historically recognized reserved water rights plus irrigable lands east of the Green River. 
The Compact is currently pending re-ratification by the Tribe and the state of Utah. 

Under the Compact, the Tribe has recognized water rights within the Upper Colorado River 
Basin amounting to 480,594 afy of federal reserved, surface water diversions (and 258,943 afy 
by depletion). The source, use, priority, and quantification of tribal water rights are shown in 
table C9-11. 
TABLE C9-11 
Ute Indian Tribe of the Uintah and Ouray Reservation Diversion and Depletion Rights (afy) 

Basin Use Priority Date Diversion Depletion 
Duchesne River Irrigation 1861 116,092 39,446 

Lake Fork River1 Irrigation 1861 46,165 45,756 

Yellowstone River1 Irrigation 1861 1,489 657 

Uinta River1 Irrigation 1861 63,651 38,378 

Whiterocks River1 Irrigation 1861 44,336 24,515 

White River Irrigation 1882 61,598 30,796 

Green River Irrigation 1882 18,981 9,363 

M&I2 1861 10,000 10,000 

Unspecified 1861 113,378 57,948 

Bitter Creek Irrigation 1882 1,068 454 

Sweet Water Creek Irrigation 1882 368 156 

Willow Creek Irrigation 1882 2,852 1,212 

Hill Creek Irrigation 1882 616 262 

Total – – 480,594 258,943 
1 The storage rights to 18,311 acre-feet (af) of diversions sourced from the Lake Fork, Yellowstone, Uinta, and Whiterocks 

Rivers are for presently unconstructed facilities. The Tribe also holds rights to store water in various existing tribal and Reclamation 
facilities for recreation, irrigation, and M&I uses. These facilities include Starvation, Bottle Hollow, Midview, Cedar View, Towave, 
and Weaver Reservoirs. In addition, the Tribe retains the right to convert any direct flow rights listed above to storage rights, and rights to 
fill stockwater impoundments. 

2 M&I rights are sourced by depletion from the Green River but available for development and use throughout the reservation. 
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Ute Indian Tribe of the Uintah and Ouray Reservation Projected Water Demand 
The Tribe has five demand points modeled in CRSS: two demand points on the Green River, two 
demand points on the Duchesne River, and one point on the White River. Table C9-12 presents 
the tribe’s projected demand schedule.  

The demands were provided by the Tribe, and under all scenarios except Slow Growth (B), 
the Tribe considers it reasonably foreseeable that the full use of its rights will occur beginning 
in 2015. 
TABLE C9-12 
Future Ute Indian Tribe of the Ouray and Uintah Reservation Projected Demands by Scenario1 (afy) 

Scenario 
Diversion Depletion Diversion Depletion Diversion Depletion 

2015  2035  2060  

Current Projected (A) 480,594 258,943 480,594 258,943 480,594 258,943 

Slow Growth (B) 316,354 170,451 447,747 241,245 480,594 258,943 

Rapid Growth (C1 and C2) 480,594 258,943 480,594 258,943 480,594 258,943 

Enhanced Environment (D1) 480,594 258,943 480,594 258,943 480,594 258,943 

Enhanced Environment (D2) 480,594 258,943 480,594 258,943 480,594 258,943 
1 The diversion and depletion associated with the demand for the Ute Indian Tribe of the Uintah and Ouray Reservation is 

dependent upon the re-ratification of the Revised Ute Indian Compact of 1990 by the Tribe and the state of Utah. 

3.1.5 Ute Mountain Ute Tribe  
The Ute Mountain Ute Reservation (UMUR) is located in the Four Corners area and within the 
states of Colorado, New Mexico, and Utah. All UMUR lands are located within the San Juan 
River Basin. The Ute Mountain Ute Tribe (UMUT) has litigated and settled its water rights for 
UMUR lands located in the state of Colorado—see the Colorado Ute Indian Water Rights 
Settlement Agreement (December 10, 1986) (Colorado Settlement Agreement); Colorado 
Ute Indian Water Settlement Act, Pub. L. No. 100-585, 102 Stat. 2973 (November 3, 1988), 
subsequently amended; and Colorado Ute Settlement Act Amendments of 2000, Pub. L. 
No. 106-554, 114 Stat 2763 (December 21, 2000) (2000 Amendments) with minor amendments 
in Pub. L. 110-161 (December 26, 2007). UMUT is currently litigating its federal reserved water 
rights in the state of New Mexico. UMUT has not yet litigated or quantified its federal reserved 
water rights in the state of Utah.  

Ute Mountain Ute Reservation (within Colorado) 
The Colorado Settlement Agreement quantified the Colorado Ute Tribes’ water rights from 
several rivers and projects, including the Dolores Project and the Animas-La Plata Project. 
UMUT’s quantified rights in the Dolores Project include 23,300 afy of agricultural irrigation 
water, 1,000 afy of M&I water, and 800 afy of fish and wildlife development water. The 
Animas-La Plata Project originally included 32,300 afy (26,300 afy of agricultural irrigation 
water and 6,000 afy of M&I water) for UMUT. The 2000 Amendments eliminated the irrigation 
component and reduced the UMUT’s water depletions to 16,525 afy of M&I water; see the 2000 
Amendments. Table C9-13 summarizes the UMUT rights in Colorado.  
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TABLE C9-13 
Ute Mountain Ute Tribe Water Rights (Colorado) 

Basin Diversion (afy) Depletion (afy) 

San Juan River 1,715.51 915.51 

Animas River 33,050 16,525 

La Plata River 4 4 

Mancos River 28,176 15,510 

McElmo River  613 347 

Dolores River 24,800 17,780 

Total 88,358 51,081 

 

The Colorado Settlement Agreement also quantified water rights on rivers in the San Juan and 
Dolores Basins other than the Animas and La Plata Rivers, all of which are tributary to the 
Colorado River. With respect to UMUT, these water rights include the following:  

• On the Mancos River, UMUT retained a non-project reserved right with an 1868 priority date 
(subordinated to all rights with an adjudication date prior to 1985) for direct flow diversions 
and/or storage of 21,000 afy.  

• On Navajo Wash, UMUT retained a non-project reserved right with an 1868 priority date 
(subordinated to all rights with an adjudication date prior to 1985 and subject to the decree in 
Colorado Water Court Division 7 case number 81CW126) for direct flow diversions of 4,800 
afy.  

• On the San Juan River within the southwestern part of the UMUR in Colorado, UMUT 
retained a non-project reserved right with an 1868 priority date for direct flow diversions of 
1,600 afy (with a maximum diversion rate of 10 cubic feet per second).  

• From all drainages within the UMUR, UMUT retained a reserved water right with an 1868 
priority date for 2 afy for use in connection with oil and gas development and a reserved 
water right with an 1868 priority date for 1 afy for use in connection with road construction. 

• UMUT retained a reserved water right with an 1868 priority date for 1,850 afy of tributary 
groundwater for future individual domestic and livestock wells (350 afy from the McElmo 
Creek drainage basin and 1,500 afy from all other UMUR drainage basins).  

• Other existing beneficial uses of surface water and groundwater, in addition to those 
provided above, were identified and quantified as follows:  
– Mancos River/Navajo Wash Diversions: 674 af for irrigation (ditch D1101), 122.33 af for 

stock ponds and catchment basins, 4.03 af for domestic wells, 36.59 af for stock wells, 
and 35.79 af for springs for stock.  

– McElmo Creek Basin Diversions: 189 af for irrigation, 30.45 af for stock ponds, 8.06 af 
for domestic wells, 2.65 af for stock wells, and 32.21 af for springs for stock. 

– San Juan River Diversions: 73.49 af for stock ponds, 22.67 af for stock wells, and 19.35 
af (for springs for stock.  

– La Plata River Diversions: 4.03 af for stock ponds, and 0.01 af for stock wells.  
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The UMUT owns or leases additional, non-reserved water in the State of Colorado.  The UMUT 
leases additional Dolores Project water for use in its Farm & Ranch enterprise (which uses more 
water than the UMUT is allocated in the Dolores Project under the Colorado Settlement 
Agreement).   The UMUT also owns significant water resources associated with its off-
reservation ranch properties (and those water rights are decreed under Colorado state law in 
Division 7 and Division 4 in Colorado).  Neither the leased water nor the water decreed under 
Colorado state law is included in the prior table.  

Ute Mountain Ute Reservation (within New Mexico) 
UMUT is currently participating in the San Juan River general stream adjudication to quantify its 
reserved water rights on the portion of the UMUR located within the state of New Mexico (State 
of New Mexico v. United States of America, CV 75-184.). The current scheduling order in that 
case anticipates addressing UMUT claims starting in 2020, which means that the UMUT federal 
reserved water rights in New Mexico are currently unquantified.  

At this point in the litigation, both the United States and UMUT have entered separate federal 
reserved rights claims on behalf of UMUT. The United States has entered a claim for a federal 
reserved right to divert and deplete 10,950 afy from groundwater resources (United States’ 
Amended Supplemental Answer with Respect to Claims on Behalf of the Ute Mountain Ute 
Tribe [October 1, 2007]). That claim includes diversion of 470 afy (with depletion of 141 afy) 
for domestic purposes, 610 afy (with a depletion of 61 afy) for commercial purposes, and 
9,870 afy (depletion and diversion) for industrial purposes. UMUT has entered a claim for the 
right to divert between 7,300 and 9,300 afy from surface water resources (Statement of the 
Claim of the Ute Mountain Ute Tribe [May 25, 2005]).  

These unquantified rights were not incorporated into UMUT’s demand schedules. 

Ute Mountain Ute Reservation (within Utah) 
UMUR lands in Utah comprise lands held in trust for UMUT and for individual UMUT 
members. The UMUT federal reserved rights claims associated with UMUR lands in Utah are 
currently unquantified, and there is currently no process (litigation or otherwise) engaged for 
quantifying those claims. 

Ute Mountain Ute Tribe Projected Water Demand 
UMUT’s water use is part of the State of Colorado’s apportionment. For the Study, at the request 
of UMUT, tribal demands were not separated from other categories within the State of 
Colorado’s demands. Consequently, UMUT’s future demands are not shown separately from 
the State’s. 

3.2 Lower Colorado River Mainstem Tribes  
The March 9, 1964 Arizona v. California Decree and several supplemental decrees (consolidated 
in 2006 into the Consolidated Decree of the U.S. Supreme Court in Arizona v. California, 547 
U.S. 150 [2006]) quantified the reserved water rights of the Chemehuevi, Cocopah, Colorado 
River Indian, Fort Mojave, and Fort Yuma Indian Reservations. The amounts of water (diversion 
entitlements), priority dates for these water rights, net acres of irrigated land, and the states 
where the water rights are perfected for these Indian reservations are discussed below by tribe. 
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The purchase of farmland with a pre-existing water right established a Hopi Tribe water right, 
which is also discussed below. 

3.2.1 Chemehuevi Indian Tribe 
The Chemehuevi Indian Reservation is located in Southern California near Lake Havasu. The land 
of the Chemehuevi Reservation is mostly on the plateau above the shoreline of Lake Havasu. 
Present agricultural water use is limited. 

The Chemehuevi Indian Tribe holds present perfected federal reserved water rights from the 
Colorado River mainstem pursuant to the Supreme Court’s 2006 Consolidated Decree. The Tribe 
has a right to divert up to 11,340 afy in California. The amounts, priority dates, and state where 
the rights are perfected are shown in table C9-14. 
TABLE C9-14 
Chemehuevi Indian Tribe Colorado River Diversion Entitlement (Water Rights)  

Reservation State 

Diversion 
Entitlement 

(Water Right) 
(afy)1 

Net 
Acres1 

Present 
Perfected 

Right (PPR) 
Number1 

Priority 
Within 
State 

Priority  
Date1 

Chemehuevi 
Reservation 
 
 

California 11,340 1,900 22 PPR Feb. 2, 1907 

Totals – 11,340 1,900 – – – 
1 Source: Consolidated Decree of March 27, 2006. The quantity of water in each instance is measured by (i) diversions or (ii) 

consumptive use required for irrigation of the respective acreage and for satisfaction of related uses, whichever of (i) or (ii) is less. 

Chemehuevi Indian Tribe Projected Water Demand 
Currently, CRSS includes a demand point for the Chemehuevi Indian Reservation on the reach 
between Davis and Parker Dams. Table C9-15 presents the Tribe’s projected demand schedule by 
demand scenario. Under all scenarios, the projected depletion for the Chemehuevi Indian Tribe 
was based on the Ten Tribes Partnership Schedule. 
TABLE C9-15 
Future Chemehuevi Indian Tribe Projected Demands by Scenario (afy) 

Scenario 
Diversion Depletion Diversion Depletion Diversion Depletion 

2015 2035 2060 
All Scenarios 11,340 8,000 11,340 8,000 11,340 8,000 

3.2.2 Cocopah Indian Tribe 
The Cocopah Indian Reservation, located in southwestern Arizona, is made up of three separate 
land areas: North Cocopah, West Cocopah, and East Cocopah. The North and West Cocopah 
areas lie on floodplain lands along the Colorado River, and the East Cocopah area lies on the 
Yuma Mesa. The largest area of the Cocopah Reservation is West Cocopah, which is bordered 
by the United Mexican States (Mexico), with the Colorado River forming the boundary between 
West Cocopah and Mexico.  

The Cocopah Indian Reservation was established through Executive Order No. 2711 on 
September 27, 1917; additional acres were added to the reservation in 1974. The Cocopah Indian 
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Tribe’s economy is centered on agriculture. The Tribe possesses present perfected federal 
reserved water rights from the Colorado River mainstem pursuant to the decree in Arizona v. 
California and supplemental decrees (1979 and 1984). The amounts, priority dates, and state 
where the rights are perfected are presented in table C9-16. 
TABLE C9-16 
Cocopah Indian Tribe Colorado River Diversion Entitlement (Water Rights) 

Reservation State 

Diversion 
Entitlement (Water 

Right) (afy)1 
Net 

Acres1 
PPR 

Number1 

Priority 
Within 
State Priority Date1 

Cocopah Indian 
Reservation  

Arizona 1,140 190 8 1 1915 

7,681 1,206 1  Sept 27, 1917 

2,026 318 - 4 June 24, 1974 

Totals – 10,847 1,714 – –  
1 Source: Consolidated Decree of March 27, 2006. The quantity of water in each instance is measured by (i) diversions or (ii) 

consumptive use required for irrigation of the respective acreage and for satisfaction of related uses, whichever of (i) or (ii) is less. 

The 1974 decreed right for the Cocopah Indian Reservation is unique because of its more-recent 
priority date (post-1968). The 1984 Supplemental Decree in Arizona v. California recognized the 
decreed right for the Cocopah Indian Reservation dated June 24, 1974, and amended paragraph 2 
of Article II (D) of the 1964 Decree to reflect this 1974 right. The Tribe is involved in litigation 
to claim rights to a total of 2,400 acres of irrigable lands. Proving this claim would further 
increase the water rights for the reservation. 

Cocopah Indian Tribe Projected Water Demand 
Water diversions for the Tribe are listed at two demand points in CRSS on two of the model 
reaches. A demand point on the Imperial Dam diversion reach accounts for all of the Tribe's 
priority 1 rights and current uses in Arizona. Another point is provided for future pumped 
priority 4 diversions below Imperial Dam, but it has a diversion of 0 afy at the current time.  

Under all scenarios except the Slow Growth (B) scenario, the projected diversion is full 
entitlement. Depletion is computed assuming the average 2005 to 2009 return flow ratio from 
the Decree Accounting Report (Reclamation, 1972 to 2009). Under the Slow Growth (B) 
scenario, the State of Arizona assumed less investment in maintenance of irrigation systems, 
resulting in a 5 percent increase in the projected depletion value of 4,388 af, where the projected 
depletion was based on the 2005 to 2009 Decree Accounting Report average use. Table C9-17 
presents the Tribe’s projected demand schedule by demand scenario.  

3.2.3 Colorado River Indian Tribes  
The Colorado River Indian Reservation is located in southwestern Arizona and southern 
California south of Parker, Arizona. The Colorado River provides 90 miles of shoreline for the 
Arizona portion of the Colorado River Indian Reservation. The Colorado River Indian Tribes’ 
(CRIT) economy is based on agriculture, recreation, and light industry.  
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TABLE C9-17 
Future Cocopah Indian Tribe Projected Demands by Scenario (afy) 

Scenario 
Diversion Depletion Diversion Depletion Diversion Depletion 

2015  2035  2060  

Current Projected (A) 10,847 9,412 10,847 9,412 10,847 9,412 

Slow Growth (B) 5,311 4,607 5,311 4,607 5,311 4,607 

Rapid Growth (C1 and C2) 10,847 9,412 10,847 9,412 10,847 9,412 

Enhanced Environment 
(D1 and D2) 10,847 9,412 10,847 9,412 10,847 9,412 

CRIT possesses present perfected federal reserved water rights from the Colorado River mainstem 
pursuant to the decree in Arizona v. California and supplemental decrees (1979 and 1984). The 
amounts, priority dates, and states where the rights are perfected are presented in table C9-18. 
TABLE C9-18 
Colorado River Indian Tribes Colorado River Diversion Entitlement (Water Rights)  

Reservation State 

Diversion 
Entitlement 

(Water Right) (afy)1 Net Acres1 
PPR 

Number1 

Priority 
Within 
State Priority Date1 

Colorado River 
Indian 
Reservation 

AZ 358,400 53,768 2 1 Mar. 3, 1865 

252,016 37,808   Nov. 22, 1873 

51,986 7,799   Nov. 16, 1874 

CA 10,745 1,612 24 1 Nov. 22, 1873 

40,241 6,037   Nov. 16, 1874 

5,860 879   May 15, 1876 

Totals – 719,248 107,903 – –  
1 Source: Consolidated Decree of March 27, 2006. The quantity of water in each instance is measured by (i) diversions or (ii) 

consumptive use required for irrigation of the respective acreage and for satisfaction of related uses, whichever of (i) or (ii) is less. 

Colorado River Indian Tribes Projected Water Demand 

CRSS presently has two demand points listed for CRIT on the reach between Parker and 
Imperial Dam. The water diversions are split between California demands and Arizona demands. 

Under all scenarios except the Slow Growth (B) scenario, projected depletion for CRIT was based 
on the Ten Tribes Partnership Schedule. Under the Slow Growth (B) scenario, the State of Arizona 
assumed less investment in maintenance of irrigation systems, resulting in a 5 percent increase in 
the projected depletion value of 368,306 af, where the projected depletion was based on the 2005 to 
2009 Decree Accounting Report average use (Reclamation, 1972 to 2009).  

Under all scenarios, the State of California projected depletion for CRIT was based on the Ten 
Tribes Partnership Schedule. Table C9-19 presents CRIT’s projected demand schedule by 
demand scenario.  
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TABLE C9-19 
Future Colorado River Indian Tribes Projected Demands by Scenario (afy) 

State Scenario 

Diversion Depletion Diversion Depletion Diversion Depletion 

2015 2035  2060  

AZ Current Projected (A) 662,402 463,000 662,402 463,000 662,402 463,000 

Slow Growth (B) 650,596 386,721 650,596 386,721 650,596 386,721 

Rapid Growth (C1 
and C2) 662,402 463,000 662,402 463,000 662,402 463,000 

Enhanced Environment 
(D1 and D2) 662,402 463,000 662,402 463,000 662,402 463,000 

CA All Scenarios 56,846 39,000 56,846 39,000 56,846 39,000 

3.2.4 Fort Mojave Indian Tribe 
The Fort Mojave Indian Reservation is located adjacent to the Colorado River where Arizona, 
California, and Nevada meet, with a portion of the reservation located in each of the three states. 
The Fort Mojave Indian Tribe diverts Colorado River water directly from the river and from 
wells in the Colorado River floodplain.  

Pursuant to the Consolidated Decree of 2006, federal reserved water rights for Colorado River 
water were quantified for the Fort Mojave Indian Reservation in Arizona with priority dates of 
September 18, 1890, and February 2, 1911; in California with a priority date of September 18, 
1890; and in Nevada with a priority date of September 18, 1890. The amounts, including added 
lands, priority dates, and states where the water rights are perfected are presented in table C9-20. 
TABLE C9-20 
Fort Mojave Indian Tribe Colorado River Diversion Entitlement (Water Rights)  

Reservation State 

Diversion 
Entitlement 

(Water Right) 
(afy)1 Net Acres1 

PPR 
Number1 

Priority 
Within 
State Priority Date1 

Fort Mojave 
Reservation 

Arizona 27,969 4,327 3 1 Sept 18, 1890 

75,566 11,691   Feb 2, 1911 

California 16,720 2,587 25 1 Sept. 18, 1890 

Nevada 12,534 1,939 81 1 Sept. 18, 1890 

Totals – 132,789 20,544 – –  
1 Source: Consolidated Decree of March 27, 2006. The quantity of water in each instance is measured by (i) diversions or (ii) 

consumptive use required for irrigation of the respective acreage and for satisfaction of related uses, whichever of (i) or (ii) is less. 

Fort Mojave Indian Tribe Projected Water Demand 
CRSS contains three demand points for the Tribe's water diversions, which are divided among 
three states. The points are on the reach between Davis and Parker Dams and divided by state.  

Under all scenarios except the Slow Growth (B) scenario, projected depletions for the Tribe in 
Arizona were based on the Ten Tribes Partnership Schedule. Under the Slow Growth (B) 
scenario, the state of Arizona assumed less investment in maintenance of irrigation systems, 
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resulting in a 5 percent increase in the projected depletion value of 38,735 af, where the 
projected depletion was based on the 2005 to 2009 Decree Accounting Report average use 
(Reclamation, 1972 to 2009).  

Under all scenarios, California and Nevada projected depletions for the Tribe were based on the 
Ten Tribes Partnership Schedule. Table C9-21 presents the Tribe’s projected demand schedule 
by demand scenario.  
TABLE C9-21 
Future Fort Mojave Indian Tribe Projected Demands by Scenario (afy) 

State Scenario 

Diversion Depletion Diversion Depletion Diversion Depletion 

2015  2035  2060  

AZ Current Projected (A) 103,535 73,000 103,535 73,000 103,535 73,000 

Slow Growth (B) 72,757 40,671 72,757 40,671 72,757 40,671 

Rapid Growth (C1 and 
C2) 103,535 73,000 103,535 73,000 103,535 73,000 

Enhanced Environment 
(D1 and D2) 103,535 73,000 103,535 73,000 103,535 73,000 

CA All Scenarios 16,720 8,995 16,720 8,995 16,720 8,995 

NV All Scenarios 12,534 9,000 12,534 9,000 12,534 9,000 

3.2.5 Hopi Tribe 
The primary home of the Hopi Tribe is the Hopi Indian Reservation, a 1,620,335-acre tract of 
land in northern Arizona. In addition to this reservation, tribal lands in northern Arizona consist 
of various parcels of trust land and fee land outside of the reservation. These areas include 
Moenkopi, a 61,852-acre exclave located west of the reservation. The Tribe also owns fee land 
on the Colorado River flood plain at Cibola, Arizona. 

The Tribe has rights to divert water from the Colorado River at Cibola, Arizona. These rights 
were established through the Tribe’s purchase of farmland with pre-existing water rights within 
the Cibola Valley Irrigation and Drainage District. Contract No. 04-XXX-30-W0432, 
December 14, 2004 was amended October 9, 2008, with the Tribe and Reclamation having 
assigned these rights among specific state of Arizona priorities for Colorado River water use, as 
listed in table C9-22.  
TABLE C9-22 
Summary of Hopi Tribe Water Rights at Cibola, Arizona 

Type of Water Use Contact Date State of Arizona Priority Annual Diversion (afy) 

Irrigation January 31, 1983 4 4,278  

Irrigation January 31, 1983 5 750  

Irrigation January 31, 1983 6 1,000  

Total Annual Diversion: 6,028  
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Hopi Tribe Projected Water Demand 
For the Study, future demand was calculated based on the Tribe’s fourth-priority water rights and 
anticipated usage. Table C9-23 presents the Tribe’s projected demand schedule by demand 
scenario.  

Under the Current Projected (A), Rapid Growth (C1), and Enhanced Environment (D1) 
scenarios, the priority 4 depletion for the Hopi Tribe was based on the total priority 4 diversion 
entitlement of 4,278 afy. This value is divided by the diversion-to-depletion ratio of 1:43, which 
results in a depletion of 2,984 afy. The diversion-to-depletion ratio was based on the average 
ratio from the 2005 to 2009 Decree Accounting Reports (Reclamation, 1972 to 2009). For the 
Slow Growth (B) scenario, the state of Arizona assumed less investment in maintenance of 
irrigation systems, resulting in a 5 percent increase in the priority 4 depletion. For the Rapid 
Growth (C2) and Enhanced Environment (D2) scenarios, the state of Arizona assumed more-
efficient operations for the same production, thereby decreasing the priority 4 depletion by 
5 percent. 
TABLE C9-23 
Future Hopi Tribe Projected Demands by Scenario (afy) 

Scenario 

Diversion Depletion Diversion Depletion Diversion Depletion 

2015  2035  2060  

Current Projected (A) 4,278 2,984 4,278 2,984 4,278 2,984 

Slow Growth (B) 4,278 3,133 4,278 3,133 4,278 3,133 

Rapid Growth (C1) 4,278 2,984 4,278 2,984 4,278 2,984 

Rapid Growth (C2) 4,065 2,835 4,065 2,835 4,065 2,835 

Enhanced Environment (D1) 4,278 2,984 4,278 2,984 4,278 2,984 

Enhanced Environment (D2) 4,065 2,835 4,065 2,835 4,065 2,835 

3.2.6 Quechan Indian Tribe 
The Fort Yuma Reservation of the Quechan Indian Tribe is located in southwestern Arizona 
and southern California near Yuma, Arizona.  

The Tribe possesses present perfected federal reserved water rights from the Colorado River 
mainstem pursuant to the decree in Arizona v. California, supplemental decrees (1979 and 
1984), and final Consolidated Decree (2006). The amounts, including added lands, priority 
dates, and states where the water rights are perfected are presented in table C9-24. 

Quechan Indian Tribe Projected Water Demand 
Water for the Tribe is diverted from the Colorado River at Imperial Dam and delivered through 
the Yuma Project Reservation Division-Indian Unit. The Tribe has other small uses at homestead 
sites south of Yuma, Arizona. These uses are accounted for in CRSS with two diversion points on 
the Imperial Dam Diversions reach, divided by state.  
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TABLE C9-24 
Quechan Indian Tribe Colorado River Diversion Entitlement (Water Rights)  

Reservation State 

Diversion 
Entitlement 

(Water 
Right) (afy)1 

Net 
Acres1 

PPR 
Number1 

Priority 
Within 
State Priority Date1 

Fort Yuma-Quechan 
Reservation 

Arizona 6,350 952 3a 1 Jan. 9, 1884 

California 71,616 10,742 23 PPR Jan. 9, 1884 

Totals – 77,966 11,694 – –  
1 Source: Consolidated Decree of March 27, 2006. The quantity of water in each instance is measured by (i) diversions or (ii) 

consumptive use required for irrigation of the respective acreage and for satisfaction of related uses, whichever of (i) or (ii) is less. 
 
Under all scenarios except the Slow Growth (B) scenario, the projected diversion is full 
entitlement. Depletion is computed assuming the average 2005 to 2009 return flow ratio from 
the Decree Accounting Report (Reclamation, 1972 to  2009). For the Slow Growth (B) scenario, 
the state of Arizona assumed less investment in maintenance of irrigation systems, resulting in a 
5 percent increase in the projected depletion.  

Under all scenarios, projected depletion in California for the Tribe was based on the Ten Tribes 
Partnership Schedule. Table C9-25 presents the Tribe’s projected demand schedule by demand 
scenario.  
TABLE C9-25 
Future Quechan Indian Tribe Projected Demands by Scenario (afy) 

State Scenario 

Diversion Depletion Diversion Depletion Diversion Depletion 

2015 2035 2060 

AZ Current Projected (A) 6,350 3,670 6,350 3,670 6,350 3,670 

Slow Growth (B) 1,256 726 1,256 726 1,256 726 

Rapid Growth (C1 
and C2) 6,350 3,670 6,350 3,670 6,350 3,670 

Enhanced 
Environment (D1 
and D2) 

6,350 3,670 6,350 3,670 6,350 3,670 

CA All Scenarios 71,616 36,000 71,616 36,000 71,616 36,000 

 

3.3 Central Arizona Tribes with Allocations from the Central Arizona Project 
The CAP makes Colorado River water available to tribes located in central Arizona in addition 
to the ITA entitlements discussed previously. Over the years, several secretarial decisions have 
allocated water to 10 tribes in central Arizona. All of these tribes, with the exception of the Gila 
River Indian Community, signed CAP water delivery contracts in 1980. The Gila River Indian 
Community, with the largest allocation of CAP water, signed its CAP water delivery contract in 
1992. Each of the CAP water delivery contracts contained a provision that the tribes’ CAP water 
would be credited against their Winters right (Winters v. United States, 207 U.S. 564 [1908]), if 
and when such rights were finally determined. Over the years, water rights settlements have been 
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implemented for 8 of the 10 tribes. Within the terms of these settlements, the eight tribes 
generally have a right to lease their CAP water; the CAP water to which tribes have rights does 
not have to have a history of use for a tribe to use or lease such water at any time in the future. 
The tribes that receive CAP water are listed below, together with the counties in which their 
reservations are located: 

Ak-Chin Indian Community Pinal 
Fort McDowell Yavapai Nation Maricopa 
Gila River Indian Community Maricopa and Pinal 
Pascua Yaqui Tribe Pima 
Salt River Pima Maricopa Indian Community Maricopa 
San Carlos Apache Tribe Gila, Pinal and Graham 
Tohono O'Odham Nation Pima, Maricopa and Pinal 
Tonto Apache Tribe Gila 
White Mountain Apache Tribe Apache, Gila and Navajo 
Yavapai-Apache Nation Yavapai 
Yavapai-Prescott Tribe Yavapai 

For the CAP, there are four pools of water. The first pool, Colorado River priority 3 Indian 
Water Rights Settlement Water (for the Ak-Chin Indian Community – 50,000 af and Salt River 
Pima-Maricopa Indian Community – 22,000 af), has the highest priority in the CAP system. The 
Indian Water Rights Settlement Water was obtained from the Yuma Mesa Irrigation and Drainage 
District (50,000 af) and the Wellton-Mohawk Irrigation and Drainage District (22,000 af) which 
are priority 3 Colorado River mainstem contractors. After accounting for CAP delivery system 
loss of 5 percent, the 72,000 af is reduced to 68,400 af. 

The next pool is the CAP Colorado River priority 4 water allocated to tribal and M&I 
subcontractors, which have the highest co-equal priority for CAP priority 4 deliveries. The CAP 
Indian priority water totals 343,079 af. The M&I priority water totals 638,823 af through 2043. 
After 2043, the amount is 686,126 af, due to the conversion 47,303 af of non-Indian agriculture 
(NIA) priority water to CAP M&I priority. Thus, the total amount of CAP Indian and M&I 
priority water is 981,902 af through 2043; after 2043, the amount is 1,029,205 af.  

The third pool, NIA Relinquished Water pool (hereafter referred to as the NIA Priority Pool), has 
been allocated 364,698 af through 2043. In 2044, 47,303 af converts to CAP M&I priority, 
leaving 317,395 af for the NIA Priority Pool. This pool was created as part of the Arizona Water 
Settlements Act when the CAP NIA contractors relinquished their NIA priority water 
subcontracts (due to high cost) for a pool of less-costly CAP excess water. 

The fourth pool is the remaining CAP supply and is termed the Excess Pool. The priority of 
delivery within this pool is as follows: NIA Settlement water, which decreases according to the 
following schedule: 400,000 af through 2016; 300,000 af, from 2017 through 2023; and 225,000 
af, from 2024 through 2030; the Arizona Water Banking Authority and the Central Arizona 
Groundwater Replenishment District replenishment reserve (they have co-equal priority) pool; 
and other excess water deliveries (such as short-term contracts). The Arizona Water Banking 
Authority/Central Arizona Groundwater Replenishment District and short-term contracts supplies 
are variable because they are dependent on CAP’s annual priority 4 supply and on the total annual 
demand of the CAP’s higher-priority users. 
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The following sections describe the water rights and demands of each of the tribes served by 
the CAP. 

3.3.1 Ak-Chin Indian Community 
In 1912, President Taft created a reservation at Ak-Chin encompassing 21,840 acres. In 1961, the 
Ak-Chin Tribal Council was formally recognized under the Indian Reorganization Act of 1934. 
The Ak-Chin Indian Reservation is located in Pinal County, 50 miles south of Phoenix. Farming 
(Ak-Chin Farms) is a major part of the reservation’s economy. 

The Ak-Chin Reservation’s water rights settlement of 1978, Pub. L. No. 95-328, 92 Stat 409 
(1978), was the first of a series of Indian water rights settlements in central Arizona. The 1978 
Settlement Act was amended in 1984. Under the 1984 water rights settlement, the Ak-Chin 
Indian Reservation has the right to receive up to 75,000 afy of water at the southeastern corner of 
the reservation. When sufficient surface water is available in the CAP canal, the United States 
may deliver up to an additional 10,000 afy of water to the Ak-Chin Indian Reservation 
(maximum of 85,000 afy). In years of Colorado River shortage, the United States must pay 
damages if less than 72,000 afy is delivered to the Ak-Chin Indian Reservation. The United 
States acquired 50,000 afy of Colorado River water entitlement from the Yuma Mesa Division of 
the Gila Project to partially meet the requirement to deliver required quantities to the Ak-Chin 
Indian Reservation. After losses, 47,500 afy is delivered to the Ak-Chin Indian Community with 
a priority date that precedes the date of enactment of the Colorado River Basin Project Act, and 
therefore has a higher priority during times of shortage than other CAP water. 

The Ak-Chin Indian Reservation was provided with the right to lease some of its water supplies 
within Arizona, and the Ak-Chin Indian Reservation has leased a portion of its water to the Del 
Webb Corporation. The Ak-Chin Indian Reservation’s water infrastructure is in place, and with 
the exception of water that the Ak-Chin Indian Community has leased, all of its CAP water is 
being used for farming purposes. 

Ak-Chin Indian Community Projected Water Demand 
For the Study, future diversions result from the tribal water rights and anticipated usage. 
Table C9-26 presents the Community’s projected demand schedule by demand scenario.  
TABLE C9-26 
Future Ak-Chin Indian Tribe Projected Demands by Scenario (afy) 

Scenario Priority 2015 2035 2060 

All Scenarios Colorado River Priority 3 50,000 50,000 50,000 

CAP Indian Priority1 25,000 25,000 25,000 
1 When sufficient surface water is available in the CAP canal, the Community is entitled to up to 10,000 afy of water in addition 

to the 75,000 afy. It is assumed that demand exists for the water under all scenarios. 

3.3.2 Fort McDowell Yavapai Nation 
The Fort McDowell Reservation is located in Maricopa County, Arizona, about 23 miles 
northeast of Phoenix. The Verde River flows north to south through the reservation. The Fort 
McDowell Reservation was created by Executive Order in 1903 for the Yavapai, Mojave, and 
Apache Indian tribes. 
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Under its water rights settlement, the Fort McDowell Indian Community Water Rights Settlement 
Act of 1990, Pub. L. No. 101-628, Title IV, 104 Stat. 4480 (1990), the Fort McDowell 
Reservation received a combination of water resources from both the Salt River Project (SRP) and 
the CAP. With respect to the Colorado River supplies, the Fort McDowell Reservation received 
the rights to delivery of up to 18,233 afy of Colorado River water. This consisted of 4,300 afy of 
CAP water that the Fort McDowell Reservation had contracted for in 1980, plus an additional 
13,933 afy of CAP water that the United States acquired from the Harquahala Valley Irrigation 
District. The acquired Harquahala Valley Irrigation District water was converted from its CAP 
NIA priority water to CAP Indian priority water through this settlement. The Fort McDowell 
Yavapai Nation has leased 4,300 afy of its CAP water to the City of Phoenix for a 100-year 
period, and will be using its remaining 13,933 afy through various means. 

In accordance with the terms and conditions of the settlement, the SRP is required to allow the 
McDowell Yavapai Nation to divert Verde River water in exchange for delivery of the Nation’s 
CAP water allocation. The Nation is entitled to divert an additional amount of 959 af from the 
Verde River to account for return flows, for a total Verde River diversion right of 19,192 af. It 
should be noted that this return flow right does not impact its CAP entitlement of 18,233 afy 
from the Colorado River, nor the amount to be delivered to SRP through the exchange. 

Fort McDowell Yavapai Nation Projected Water Demand 
For the Study, future diversions result from the tribal water rights and anticipated usage. 
Table C9-27 presents the Nation’s projected demand schedule by demand scenario.  
TABLE C9-27 
Future Fort McDowell Yavapai Nation Projected Demands by Scenario1 (afy) 

Scenario Priority 2015  2035  2060  

All Scenarios CAP Indian Priority 18,233 18,233 18,233 
1 Demand scenarios reflect only Colorado River demand physically diverted from the CAP and therefore do not reflect the 

Nation’s entitlement from the SRP settlement to divert an additional 959 acre feet of Verde River water to account for return flows. 
The Nation’s total Verde River diversion right is 19,192 af.  

3.3.3 Gila River Indian Community 
The Gila River Reservation was established by an act of Congress in 1859 for Pima and 
Maricopa Indians. The 583.9-square-mile reservation is located in Maricopa and Pinal Counties. 
The Gila River Indian Community established Gila River Farms during the late 1960s, with 
approximately 16,000 acres in production. The Gila River Reservation is the homeland for two 
distinct tribes, the Pima and the Maricopa. 

The 2004 Gila River Indian Community Water Rights Settlement Act, Pub. L. No. 108-451, Title 
II, 118 Stat. 3499 (2004), provides the Community with 328,800 afy of CAP water, consisting of 
120,600 afy of CAP NIA priority water, 191,200 afy of CAP Indian priority water, and 17,000 
afy of CAP M&I priority water, contingent on the execution of an exchange and lease agreement 
with Asarco in accordance with Section 204(b)(1)(C) of the Arizona Water Settlements Act. 
Under this Act, the State of Arizona is required to provide a backup water supply of 15,000 afy 
of the CAP NIA priority water so that it has a reliability equivalent to CAP Indian priority and 
M&I priority water over a 100-year period ending in 2108. Construction of the infrastructure to 
deliver CAP water to the Gila River Reservation for farming purposes is ongoing. Within the 
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terms of the 2004 settlement, the Gila River Reservation has the right to lease its CAP water for 
a term of up to 99 years.  

Gila River Indian Community Projected Water Demand 
For the Study, future diversions result from the tribal water rights and anticipated usage. 
Table C9-28 presents the Community’s projected demand schedule by demand scenario.  
TABLE C9-28 
Future Gila River Indian Community Projected Demands by Scenario (afy) 

Scenario Priority 2015  2035  2060  

All Scenarios CAP Indian Priority 191,200 191,200 191,200 

CAP M&I Priority 17,000 17,000 17,000 

CAP NIA Priority  0 120,600 120,600 

3.3.4 Pascua Yaqui Tribe 
The Pascua Yaqui Tribe is located in southeastern Arizona near Tucson, Arizona. The Tribe 
has a water delivery contract with the United States dated December 11, 1980, that provides 
500 af of CAP water to the Tribe. Although overall Tribal water demand exceeds 500 afy, it is 
unknown whether additional Colorado River water will be used to provide additional water to the 
Tribe or if water will be obtained from some other source. 

Pascua Yaqui Tribe Projected Water Demand 
For the Study, future diversions result from the tribal water rights and anticipated usage. 
Table C9-29 presents the Tribe’s projected demand schedule by demand scenario.  
TABLE C9-29 
Future Pascua-Yaqui Projected Demands by Scenario (afy) 

Scenario Priority 2015  2035  2060  

All Scenarios CAP Indian Priority 500 500 500 

3.3.5 Salt River Pima-Maricopa Indian Community 
The Salt River Reservation is located in Arizona, adjacent to the boundaries of Mesa, Tempe, 
Scottsdale, and Fountain Hills in the metropolitan Phoenix area. The reservation was created in 
1879. The Salt River Reservation is occupied by two tribes, the Pima and the Maricopa, with a 
combined enrolled population exceeding 9,400. The Salt River Reservation consists of 53,600 
acres and maintains 19,000 acres as a natural preserve. Approximately 12,000 acres are under 
cultivation; cotton, melons, onions, broccoli, and carrots are the major crops. 

Under the Salt River Pima-Maricopa Indian Community Water Rights Settlement Act, Pub. L. 
No. 100-512,102 Stat.2549 (1988), the United States obtained the rights to 22,000 afy of 
Colorado River water entitlement from the Wellton-Mohawk Irrigation and Drainage District, 
near Yuma, Arizona. This right is senior to CAP. Pursuant to the settlement, this water was 
contracted by the Secretary of the Interior to several Phoenix area cities and the Community 
agreed to accept delivery of an equivalent amount of SRP water.  
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The Salt River Reservation has the right to receive up to 13,300 afy of CAP Indian priority 
water. Under the terms of the settlement, the Salt River Reservation has the right to lease its CAP 
water and has leased all of its CAP water to several Phoenix-area cities until December 30, 2098. 
This water supply is considered an ITA. 

Salt River Pima-Maricopa Indian Community Projected Water Demand 
For the Study, future diversions result from the tribal water rights and anticipated usage. 
Table C9-30 presents the Community’s projected demand schedule by demand scenario.  
TABLE C9-30 
Salt River Pima-Maricopa Indian Community Projected Demands by Scenario (afy) 

Scenario Priority 2015  2035  2060  

All Scenarios Colorado River Priority 3 22,000 22,000 22,000 

CAP Indian Priority 13,300 13,300 13,300 

3.3.6 San Carlos Apache Tribe 
The San Carlos Reservation is located in southeastern Arizona. The reservation was established 
by Executive Order in 1871 and covers 2,910.6 square miles. Approximately one-third of the 
San Carlos Apache Tribe’s land is forested or wooded. San Carlos Lake is a hub of recreational 
activity, especially for fishing. 

Under the San Carlos Apache Tribe Water Rights Settlement Act of 1992, Pub. L. No. 102-575, 
Title XXXVII, 106 Stat.4740 (1992), the San Carlos Reservation has the rights to delivery of 
64,145 afy of CAP water in the following categories: 12,700 afy of CAP Indian priority water, 
18,145 afy of CAP M&I priority water (previously allocated to Phelps Dodge and the town of 
Globe), and additional water made available by the Ak-Chin Indian Community Water Rights 
Settlement Act of 1984. The additional Ak-Chin water is unquantified in the settlement and 
estimated to be 33,300 afy before losses are considered. The San Carlos Apache Tribe’s right to 
receive the additional Ak-Chin water is subordinate to the Secretary’s obligation to deliver water 
to the Ak-Chin Indian Reservation under the Ak-Chin water rights settlement. Given that the San 
Carlos Reservation is not able to physically divert CAP water, the Tribe would need to 
implement water exchanges to benefit from its CAP water supplies. The San Carlos Reservation 
has the right to lease CAP water under its 1992 settlement and has entered into a 50-year lease 
for 14,000 afy to Phelps Dodge through an exchange with the SRP. The San Carlos Reservation 
has also entered into a 100-year lease with the City of Scottsdale for 12,500 afy of CAP M&I 
priority water. 

San Carlos Apache Tribe Projected Water Demand 
For the Study, future diversions result from the tribal water rights and anticipated usage. 
Table C9-31 presents the Tribe’s projected demand schedule by demand scenario.  

3.3.7 Tohono O’odham Nation  
The Tohono O’odham Nation sits in the heart of the Sonora Desert, west of Tucson, Arizona. 
The Tohono O’odham Nation is divided into 11 Districts totaling more than 4,342 square miles.  
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TABLE C9-31 
San Carlos Apache Tribe Projected Demands by Scenario (afy) 

Scenario Priority 2015  2035  2060  

All Scenarios CAP Indian Priority 30,845 30,845 30,845 

Ak-Chin Settlement 12,655 12,655 12,655 

Under the Southern Arizona Water Rights Settlement Act of 1982, as amended by the Southern 
Arizona Water Rights Settlement Amendments Act of 2004, the Nation is entitled to receive a 
total of 66,000 afy of CAP water. Of that amount, 50,000 afy may be used within the San Xavier 
District, or otherwise used by the Nation. The remaining 16,000 afy may be used within the 
Schuk Toak District, or otherwise used by the Nation. 

The Nation’s 66,000 acre-foot entitlement consists of 37,800 af of CAP Indian priority water and 
28,200 afy of CAP NIA priority water. With respect to the 28,200 af of NIA priority water, the 
United States is required to “firm” the 28,200 af so that the NIA priority water, for a 100-year 
period, will be deliverable during CAP shortages at the same priority and in the same manner as 
the CAP M&I priority water is delivered.  

In addition to this settlement water, the Nation has an annual entitlement of 8,000 af of CAP 
Indian priority water under a 1980 Water Delivery Contract. At present, that water must be used 
within the Sif Oidak District of the Nation. 

Construction of the works necessary for the Nation to take delivery of this water under the 1982 
Settlement Act, as amended, is ongoing. The works necessary to deliver water to the Schuk Toak 
and San Xavier Districts have been completed. CAP water is currently in use within the Schuk 
Toak and San Xavier Districts. Additional uses will occur within the San Xavier District when 
additional lands are developed or rehabilitated within the District. 

Tohono O’odham Indian Tribe Projected Water Demand 
For the Study, future demands result from the tribal water rights and anticipated usage. 
Table C9-32 presents the tribe’s projected demand schedule by demand scenario.  

TABLE C9-32 
Tohono O’odham Projected Demands (in total) by Scenario (afy) 

Scenario 2015  2035  2060  

All Scenarios 54,800 74,000 74,000 

3.3.8 Tonto Apache Tribe 
The Tonto Apache Tribe is located in eastern Arizona on the Tonto Apache Reservation near 
Payson, Arizona. The Tribe has a CAP water delivery contract with the United States dated 
December 11, 1980. This CAP contract provides 128 af of CAP water to the Tribe.  

Given that the Reservation is located such that the Tribe is not able to physically divert CAP 
water, the Tribe will need to implement a water exchange to benefit from its CAP water supplies. 
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The most likely scenario is that the Tribe will exchange water from the C.C. Craigin Reservoir 
through an exchange with the SRP.  

Tonto Apache Tribe Projected Water Demand 
For the Study, future demands result from the tribal water rights and anticipated usage. 
Table C9-33 presents the Tribe’s projected demand schedule by demand scenario.  
TABLE C9-33 
Tonto Apache Tribe Projected Demands by Scenario (afy) 

Scenario Priority 2015  2035  2060  

All Scenarios CAP Indian Priority 128 128 128 

3.3.9 White Mountain Apache Tribe 
The White Mountain Apache Tribe Homeland is on the Fort Apache Indian Reservation, located 
within its ancestral aboriginal lands, and consists of 1.67 million acres of land held in trust in 
east-central Arizona in parts of Navajo, Gila, and Apache Counties. The reservation contains 
headwaters for the Salt River. 

The water rights of the Tribe were settled under the White Mountain Apache Tribe Water Rights 
Quantification Agreement of January 13, 2009 (Agreement). The Agreement was ratified by 
Congress in the White Mountain Apache Tribe Water Rights Quantification Act of 2010, Pub. L. 
111–291, Title III, December 8, 2010 (Act). 

Under the Act, the Tribe is entitled to 25,000 afy of Colorado River water delivered via the CAP. 
None of the CAP water will be delivered to the reservation. Of that amount, 22,500 af will be 
leased to the various cities, and 2,500 af will be leased back to the Central Arizona Water 
Conservation District. 

White Mountain Apache Tribe Projected Water Demand 
For the Study, future demands result from the tribal water rights and anticipated usage. 
Table C9-34 presents the Tribe’s projected demand schedule by demand scenario.  
TABLE C9-34 
White Mountain Apache Tribe Projected Demands by Scenario (afy) 

Scenario Priority 2015  2035  2060  

All Scenarios CAP Indian Priority 2,031 25,000 25,000 

3.3.10 Yavapai-Apache Nation 
The Yavapai-Apache Nation is located in central Arizona, near the communities of Camp Verde 
and Clarkdale. The Nation has a CAP water delivery contract with the United States dated 
December 11, 1980. This CAP contract provides 1,200 af of CAP water to the Nation. While 
overall tribal water demand exceeds 1,200 afy, it is unknown whether additional Colorado River 
water will be used to provide additional water to the Nation or if water will be obtained from 
some other source. Given that the reservation is located such that the Nation is not able to 
physically divert CAP water, the Nation will need to implement a water exchange to benefit from 
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its CAP water supplies. The most likely scenario is that the Nation will exchange water from the 
Verde River through an exchange with the SRP.  

Yavapai-Apache Nation Projected Water Demand 

For the Study, future demands result from the tribal water rights and anticipated usage. 
Table C9-35 presents the Nation’s projected demand schedule by demand scenario.  
TABLE C9-35 
Yavapai-Apache Nation Projected Demands by Scenario (afy) 

Scenario Priority 2015  2035  2060  

All Scenarios CAP Indian Priority 1,200 1,200 1,200 

 

3.3.11 Yavapai-Prescott Tribe 
Under the Yavapai-Prescott Indian Tribe Water Rights Settlement Act of 1994, Pub. L. 103-434, 
108 Stat. 4526 (1994), the Yavapai Reservation permanently assigned and transferred its CAP 
contractual right of 500 afy to the city of Scottsdale, Arizona, in return for funds to develop 
alternative water supplies. Because the Yavapai-Prescott Reservation no longer has a right to 
CAP water, no trust asset is attributable to the Yavapai-Prescott Reservation. 

Yavapai-Prescott Tribe Projected Water Demand 

For the Study, future demands result from the tribal water rights and anticipated usage. 
Table C9-36 presents the Yavapai-Prescott Tribe’s projected demand schedule by 
demand scenario.  
TABLE C9-36 
Yavapai-Prescott Tribe Projected Demands by Scenario (afy) 

Scenario Priority 2015  2035  2060  

All Scenarios CAP Indian Priority 500 500 500 

 

4.0 Ongoing and Potential Settlement Discussions and 
Potential Litigation  

There are 13 tribes whose water rights within the Colorado River Basin have yet to be fully 
adjudicated or quantified. These tribes are as follows: 

• Upper Colorado River Basin: 
− Navajo Nation 
− Ute Indian Tribe of the Uintah and Ouray Reservation 
− Ute Mountain Ute Tribe 

• Lower Colorado River Basin: 
− Havasupai Tribe 
− Hopi Tribe 
− Hualapai Tribe 
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− Kaibab Band of Paiute Indians 
− Navajo Nation 
− Pascua Yaqui Tribe  
− San Carlos Apache Tribe 
− San Juan Southern Paiute Tribe 
− Tohono O’odham Nation 
− Tonto Apache Tribe 
− Yavapai Apache Nation 

Reclamation is participating in and providing technical assistance and/or funding for ongoing 
federally recognized tribal water rights settlement negotiations in both the Upper and Lower 
Colorado River Basins. These settlement negotiations include: 

• Ute Indian Tribe regarding the proposed Revised Ute Indian Compact of 1990 and water 
rights settlement 

• Navajo Nation regarding implementation of the Navajo-San Juan Settlement 

• The La Jolla, Pala, Pauma, Rincon, and San Pasqual Bands in southern California regarding 
the San Luis Rey Indian Water Rights Settlement Act, as amended 

• The Navajo Nation and Hopi Tribe in a joint settlement of the Little Colorado River claims 

• The San Carlos Apache Tribe 

• The Yavapai Apache Nation 

• The Tohono O’odham Nation 

Reclamation is also participating in and funding tribal water assessments in the Lower Colorado 
River Basin. These settlement assessments are for the following tribes: 

• Havasupai Tribe 
• Hualapai Tribe 
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Appendix C10 — Historical Consumptive 
Use and Loss Detail By State 

1.0 Overview 
This appendix presents a series of three figures showing historical consumptive use of Colorado 
River water for each state to facilitate understanding of the total consumptive uses by category, 
the relative consumptive use of Colorado River water by category, and the consumptive use of 
Colorado River water by category over the period 1971 to 2010. To indicate the change in 
consumptive use by category over time, the average use and loss for each category over the 
period 1971 to 1980 was used to represent the historical pattern and was then compared to the 
maximum value for each category in the recent period, 1999 to 2010. The maximum from 1999 
to 2010 was taken to offset the potential impact on use due to the recent drought.  

This appendix summarizes historical consumptive use of Colorado River water. Throughout this 
appendix, the term “consumptive use” refers to consumptive use of Colorado River water only, 
not total consumptive use (including other water sources) in the state.  

2.0 Colorado 
Figure C10-1 shows historical (1971 to 2010) state of Colorado consumptive use of Colorado 
River water by category. Colorado’s consumptive use of Colorado River water has grown from 
approximately 1.8 million acre-feet (maf) in 1971 to a high of 2.3 maf in 1989 (exclusive of 
reservoir evaporation), an increase of 29 percent. Agriculture is the largest consumptive use 
category in Colorado, followed by exports. Exports consist of trans-Colorado River Basin 
(Basin) diversions from within the hydrologic boundaries of the Basin to Front Range areas east 
of the Continental Divide in Colorado. The detailed information necessary to disaggregate the 
trans-Basin diversions into use categories was not available at the time of publication of this 
appendix. 

Colorado has identified some concerns with the data and methodologies used in Bureau of 
Reclamation’s (Reclamation) Consumptive Uses and Losses Reports (Reclamation, 2005, 2012a, 
2012b, 2012c) from which these data are based, including: high-altitude crop coefficients are not 
used in appropriate locations (i.e., grass pasture at elevations above 6,500 feet); the Crop 
Irrigation Water Requirement shortage estimates underestimate shortages; non-Colorado River 
Storage Project reservoir evaporation is underestimated; and agricultural incidental losses are 
overestimated. Reclamation and Colorado are continuing to work collaboratively to resolve these 
concerns. 

Figure C10-2 displays the percent of Colorado consumptive use by category in the past (1971 to 
1980 average) and recently (1999 to 2010 maximum). Although Colorado River consumptive 
use has increased over time, the distribution across consumptive use categories appears to have 
remained relatively unchanged. 
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FIGURE C10-1 
Historical Colorado Consumptive Use of Colorado River Water by Category, 1971–2010  

 
 
FIGURE C10-2 
Historical Colorado Consumptive Use of Colorado River Water by Category, 1971–2010 
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Figure C10-3 displays the consumptive use for each category. It can again be seen that the 
largest category of consumptive use is agriculture, followed by exports. Agriculture is the most 
variable category year to year. The agriculture category is strongly influenced by supply, which 
can result in reduced requests for diversion in years with abundant precipitation and result in 
shortages during years of drought. The remaining categories comprise a small percentage of 
Colorado’s consumptive use. 
FIGURE C10-3 
Historical Colorado Consumptive Use of Colorado River Water by Category, 1971–2010 

 

3.0 New Mexico 
Figure C10-4 shows historical (1971 to 2010) state of New Mexico consumptive use1 of 
Colorado River water by category. New Mexico consumptive use of Colorado River water has 
grown from approximately 163 thousand acre-feet (kaf) in 1971 to a high of 425 kaf in 2005 
(exclusive of reservoir evaporation), an increase of 122 percent. Agriculture is the largest 
consumptive use category in New Mexico.  

 
                                                 
 

1 Excluding consumptive use in Lower Basin tributaries. 

0

500

1,000

1,500

2,000

2,500

1970 1975 1980 1985 1990 1995 2000 2005 2010

Th
ou

sa
nd

 A
cr

e-
Fe

et
 p

er
 Y

ea
r

Year

Agricultural

Municipal and Industrial

Energy

Minerals



Colorado River Basin  
Water Supply and Demand Study 

C10-4 December 2012 

FIGURE C10-4 
Historical New Mexico Consumptive Use of Colorado River Water by Category1, 1971–2010 

 
1 San Juan-Chama project diversions are determined annually based on bypass flow requirements and maximum in-
year and decadal diversions. Variations from year to year are due to flow limitations and not changes in demand. 

Figure C10-5 displays the percent of New Mexico consumptive use by category in the past (1971 
to 1980 average) and recently (1999 to 2010 maximum). New Mexico consumptive use 
distribution across categories appears to have shifted slightly in the recent period, with municipal 
and industrial (M&I) agricultural and energy uses increasing. 

Figure C10-6 displays the consumptive use for each category. It can again be seen that the 
largest category of consumptive use is agriculture, followed by M&I. Both agriculture and M&I 
(via the San Juan-Chama project) are the most variable categories year to year. The agriculture 
category is strongly influenced by supply, which can result in reduced requests for diversion in 
years with abundant precipitation and result in shortages during years of drought. Diversions for 
the San Juan-Chama project that serve both agricultural and M&I categories are determined 
annually based on bypass flow requirements and maximum in-year and decadal diversions. 
Variations from year to year are attributable to diversion limitations and not changes in demand. 
The next largest category is energy, with the remaining categories comprising a small percentage 
of New Mexico’s consumptive use. 
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FIGURE C10-5 
Historical New Mexico Consumptive Use of Colorado River Water Percent by Category 

 
FIGURE C10-6 
Historical New Mexico Consumptive Use of Colorado River Water by Category1, 1971–2010 

 
1 San Juan-Chama project diversions are determined annually based on bypass flow requirements and maximum in-
year and decadal diversions. Variations from year to year are due to flow limitations and not changes in demand. 
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4.0 Utah 
Figure C10-7 shows historical (1971 to 2010) state of Utah consumptive use2 of Colorado River 
water by category. Utah consumptive use of Colorado River water has grown from 
approximately 707 kaf in 1971to a high of 903 kaf in 1994 (exclusive of reservoir evaporation), 
an increase of 29 percent. Agriculture is the largest consumptive use category in Utah.  
FIGURE C10-7 
Historical Utah Consumptive Use of Colorado River Water by Category, 1971–2010 

 

Figure C10-8 displays the percent of Utah consumptive use by category in the past (197 to 1980 
average) and recently (1999 to 2010 maximum). Utah consumptive use distribution across 
categories appears to have shifted in the recent period, with an increase in M&I and energy, and 
a decrease in agricultural use. 

Figure C10-9 displays the consumptive use for each category. It can again be seen that the 
largest category of consumptive use is agriculture, followed by M&I. Both agriculture and M&I 
are the most variable categories year to year. The agriculture category is strongly influenced by 
supply, which can result in reduced requests for diversion in years with abundant precipitation 
and result in shortages during years of drought. Agricultural use in 1977 was significantly 
                                                 
 

2 Excluding consumptive use in Lower Basin tributaries. 
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affected by reduced natural flows in the Basin, which were 36 percent below the annual long-
term average at the Colorado River at Lees Ferry, Arizona. The next-largest category is energy, 
with the remaining categories comprising a small percentage of Utah’s consumptive use. 
FIGURE C10-8 
Historical Utah Consumptive Use of Colorado River Water Percent by Category  

 

FIGURE C10-9 
Historical Utah Consumptive Use of Colorado River Water by Category, 1971–2010 
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5.0 Wyoming 
Figure C10-10 shows historical (1971 to 2010) state of Wyoming consumptive use of Colorado 
River water by category. Wyoming consumptive use of Colorado River water has grown from 
approximately 338 kaf in 1971 to a high of 566 kaf in 1994 (exclusive of reservoir evaporation), 
an increase of 59 percent. Agriculture is the largest consumptive use category in Wyoming.  

Figure C10-11 displays the percent of Wyoming consumptive use by category in the past (1971 
to 1980 average) and recently (1999 to 2010 maximum). Wyoming consumptive use distribution 
across categories appears to have shifted slightly in the recent period, with an increase in energy, 
M&I, and agriculture uses, as well as a decrease in minerals use. 

Figure C10-12 displays the consumptive use for each category. It can again be seen that the 
largest category of consumptive use is agriculture. The agriculture category is strongly 
influenced by supply, which can result in reduced requests for diversion in years with abundant 
precipitation and result in shortages during years of drought. Agricultural use in 1977 was 
significantly affected by reduced natural flows in the Basin, which were 36 percent below the 
annual long-term average at the Colorado River at Lees Ferry, Arizona. The next largest category 
is energy, followed by M&I, with the remaining categories comprising a small percentage of 
Wyoming’s consumptive use.  
FIGURE C10-10 
Historical Wyoming Consumptive Use of Colorado River Water by Category, 1971–2010 
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FIGURE C10-11 
Historical Wyoming Consumptive Use of Colorado River Water Percent by Category  

 
 
FIGURE C10-12 
Historical Wyoming Consumptive Use of Colorado River Water by Category, 1971–2010 
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6.0 Arizona 
Upper Basin.  Figure C10-13 shows historical (1971 to 2010) state of Arizona Upper Basin 
consumptive use of Colorado River water by category. Arizona Upper Basin consumptive use of 
Colorado River water has grown from approximately 5 kaf in 1971 to a high of 40 kaf in 1985 
(exclusive of reservoir evaporation), an increase of 318 percent. Energy is the largest 
consumptive use category for Arizona’s Upper Basin use and accounts for most of the increase.  

Figure C10-14 displays the percent of Arizona consumptive use of Colorado River water by 
category in the past (1971 to 1980 average) and recently (1999 to 2010 maximum). Arizona 
Upper Basin consumptive use of Colorado River water distribution across categories appears to 
have shifted in the recent period, with an increase in energy use and a decrease in agricultural 
use. 

Figure C10-15 displays the consumptive use for each category. It can again be seen that the 
largest category of consumptive use is energy. Water used within the energy category serves the 
Navajo Generating Station, which began operation in 1974. The remaining categories comprise a 
small percentage of Arizona’s Upper Basin consumptive use. 

FIGURE C10-13 
Historical Arizona Upper Basin Consumptive Use of Colorado River Water by Category, 1971–2010 
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FIGURE C10-14 
Historical Arizona Upper Basin Consumptive Use of Colorado River Water Percent by Category  

 
 
FIGURE C10-15 
Historical Arizona Upper Basin Consumptive Use of Colorado River Water by Category1, 1971–2010 

 
1 Water used within the energy category serves the Navajo Generating Station, which began operation in 1974. 
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Lower Basin.  Figure C10-16 shows historical (1971 to 2010) state of Arizona Lower Basin 
consumptive use of Colorado River water by category. Arizona’s Lower Basin consumptive use 
of Colorado River water has grown from approximately 1.3 maf in 1971 to a high of 2.8 maf in 
2003 (exclusive of reservoir evaporation), an increase of 115 percent. Agriculture is the largest 
use category. The agriculture and M&I consumptive use categories show an increase beginning 
in the late 1980s, largely due to the construction of the Central Arizona Project (CAP).  

Arizona also provided a breakdown by use category of CAP deliveries from the mainstem to the 
Gila River Basin, with three additional use categories. These are CAP M&I Recharge, 
representing the activities of the Central Arizona Groundwater Replenishment District, Arizona 
Water Banking Authority, and interstate banking; CAP tribes, representing the CAP water 
delivered to meet tribal use; and CAP Canal and Reservoir Evaporation, representing losses 
within the CAP delivery system. Tribal use in Arizona except for CAP deliveries is included as a 
component of the agriculture and/or M&I demand categories. The CAP data by use category, 
however, should be considered preliminary and may be updated in the future. 

Figure C10-17 displays the percent of Arizona Lower Basin consumptive use by category in the 
past (1971 to 1980 average) and recently (1999 to 2010 maximum). Arizona’s use distribution 
across categories appears to have shifted in the recent period, with a significant increase in M&I 
portion of total use and a significant decrease in the agriculture portion of total use. 

Figure C10-18 displays the consumptive use for each category. It can again be seen that the 
largest category of consumptive use is agriculture, while M&I sharply increases after deliveries 
from the CAP begin in 1985. Agriculture, M&I, and M&I Recharge are the most variable 
categories year to year. The remaining categories comprise a small percentage of Arizona’s 
consumptive use. 
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FIGURE C10-16  
Historical Arizona Lower Basin Consumptive Use of Colorado River Water by Category1, 1971–2010

 
1 CAP began deliveries in 1985. 

FIGURE C10-17 
Historical Arizona Lower Basin Consumptive Use of Colorado River Water Percent by Category  
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FIGURE C10-18 
Historical Arizona Lower Basin Consumptive Use of Colorado River Water by Category, 1971–2010 

 

7.0 California 
Figure C10-19 shows historical (1971 to 2010) state of California consumptive use of Colorado 
River water by category. California consumptive use of Colorado River water increased from 
approximately 5.2 maf in 1971 to a high of 5.4 maf in 1974, then decreased to approximately 4.4 
maf over the period 2003 to 2010, a decrease of 19 percent. California’s use above its 
apportionment of 4.4 maf per year was attributable to available unused apportionment in the 
Lower Basin and surplus water supply conditions for the Lower Division states. 

Figure C10-20 displays the percent of California consumptive use by category in the past (1971 
to 1980 average) and recently (2003 to 2010 maximum). A period from 2003 to 2010 was used 
instead of 1999 to 2010 to represent recent use because the Colorado River Water Delivery 
Agreement (Federal Quantification Settlement Agreement), an integral part of implementing 
California’s “4.4 Plan,” was signed in 2003. Although California consumptive use has decreased 
over time, the distribution across categories remains relatively unchanged. 
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FIGURE C10-19 
Historical California Consumptive Use of Colorado River Water by Category1, 1971–2010 

 
1 California’s use above its normal apportionment of 4.4 million acre-feet per year (mafy) was attributable to available 
unused apportionment in the Lower Basin and surplus water supply conditions for the Lower Division states. 

FIGURE C10-20 
Historical California Consumptive Use of Colorado River Water Percent by Category  
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Figure C10-21 displays the consumptive use for each category. It can again be seen that the 
largest category of consumptive use is agriculture followed by M&I.3  The M&I and agriculture 
categories show significant variability from year to year. Delivery losses incurred by the 
irrigation districts have been included in the agriculture category. The remaining categories 
comprise a small percentage of California’s consumptive use. 

FIGURE C10-21 
Historical California Consumptive Use1 of Colorado River Water by Category, 1971–2010 

 
1 California’s use above its normal apportionment of 4.4 mafy was attributable to available unused apportionment in 
the Lower Basin and surplus water supply conditions for the Lower Division states. 

8.0 Nevada 
Figure C10-22 shows historical (1971 to 2010) state of Nevada consumptive use of Colorado 
River water by category. Nevada consumptive use of Colorado River water has grown from 
approximately 51 kaf in 1971 to a high of 325 kaf in 2002, an increase of 537 percent. Nevada’s 
use above its apportionment of 300 thousand acre-feet per year (kafy) is attributable to surplus 

                                                 
 

3 M&I includes entities served by the Metropolitan Water District of Southern California, Imperial Irrigation District, and 
            Coachella Valley Water District. 
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water supply conditions for the Lower Division States. M&I is essentially the only consumptive 
use category in Nevada. Although there is a small amount of agricultural use by the Fort Mohave 
Indian Reservation, all of that use has been categorized as M&I.  

Figure C10-23 displays the percent of Nevada consumptive use by category in the past (1971 to 
1980 average) and recently (1999 to 2010 maximum). Beginning in 2006, water use by the 
Southern California Edison Company declined to approximately 500 acre-feet per year (afy), 
accounting for the decrease in the energy category. Figure C10-24 displays the consumptive use 
for each category.  

FIGURE C10-22 
Historical Nevada Consumptive Use of Colorado River Water by Category1,2, 1971–2010 

 
1 Nevada’s use above its 300 kafy apportionment was attributable to surplus water supply conditions for the Lower 
Division states. 
2 Beginning in 2006, water use by the Southern California Edison Company (energy category) declined to 
approximately 500 afy. 
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FIGURE C10-23 
Historical Nevada Consumptive Use of Colorado River Water Percent by Category  

 

FIGURE C10-24 
Historical Nevada Consumptive Use of Colorado River Water by Category1,2, 1971–2010 

 
1 Nevada’s use above its 300 kafy apportionment was attributable to surplus water supply conditions for the Lower 
Division states. 
2 Beginning in 2006, water use by the Southern California Edison Company (energy category) declined to 
approximately 500 afy. 

0

50

100

150

200

250

300

350

1970 1975 1980 1985 1990 1995 2000 2005 2010

Th
ou

sa
nd

 A
cr

e-
Fe

et
 p

er
 Y

ea
r

Year

Agricultural

Municipal and Industrial

Energy

Fish and Wildlife and Recreation



Appendix C10 — Historical Consumptive 
 Use and Loss Detail By State 

December 2012 C10-19 

9.0 References 
Bureau of Reclamation (Reclamation). 2005. Upper Colorado River Basin Consumptive Uses 

and Losses Report As Revised After Peer Review 1971 to 1995. Retrieved from 
http://www.usbr.gov/uc/library/envdocs/reports/crs/crsul.html. 

Bureau of Reclamation (Reclamation). 2012a. Colorado River Basin Consumptive Uses and 
Losses Report 1996–2000.  Retrieved from 
http://www.usbr.gov/uc/library/envdocs/reports/crs/crsul.html. 

Bureau of Reclamation (Reclamation).2012b. Upper Colorado River Basin Consumptive Uses 
and Losses Report 2001–2005.  Retrieved August, from  
http://www.usbr.gov/uc/library/envdocs/reports/crs/crsul.html. 

Bureau of Reclamation (Reclamation). 2012c. Provisional Upper Colorado River Basin 
Consumptive Uses and Losses Report 2006–2010.  Retrieved August, from 
http://www.usbr.gov/uc/library/envdocs/reports/crs/pdfs/cul2006-2010prov.pdf. 

 

 

http://www.usbr.gov/uc/library/envdocs/reports/crs/crsul.html


  

Appendix C11 
Modeling of Lower Basin Tributaries 

in the Colorado River Simulation System 
 





 

December 2012 C11-1 

Appendix C11 — Modeling of  
Lower Basin Tributaries in the  
Colorado River Simulation System 

1.0 Overview 
The Colorado River Simulation System (CRSS) is the primary modeling tool used in the Bureau 
of Reclamation’s (Reclamation) long-term planning studies for the Colorado River Basin (Basin) 
and is the primary modeling tool for the Colorado River Basin Water Supply and Demand Study 
(Study). CRSS simulates the operation of the major Colorado River system reservoirs on a 
monthly time step and provides information regarding the projected future state of the system in 
terms of output variables, which include the amount of water in storage, reservoir elevations, 
releases from the dams, diversions to and return flows from the water users, and the amount of 
water flowing at various points throughout the system. Major inputs to the model include 
projected natural flows1 at 29 locations throughout the Basin (20 in the Upper Basin upstream of 
and including the Lees Ferry gaging station in Arizona, and 9 below Lees Ferry, including the 
Paria River and inflow points in the Lower Basin2). For four of the inflow points below Lees 
Ferry (the Paria, Little Colorado, Virgin, and Bill Williams rivers), CRSS uses historical inflows 
(not natural flows) based on U.S. Geological Survey (USGS) streamflow records. In addition, the 
Gila River is not included in CRSS. 

Many Colorado River planning studies have been completed over the past two decades in which 
this treatment of the major Lower Basin tributaries was used; however, questions regarding the 
adequacy of the treatment of the Lower Basin tributaries in CRSS for the Study arose during the 
phases focused on assessing future water supply and demand. Although some limitations were 
imposed on the Study by this treatment, through other approaches the Study was able to examine 
several important issues, including potential climate change impacts on the tributaries 
represented in CRSS, future demand scenarios on those tributaries, and future demand scenarios 
for the Colorado River from the central Arizona planning area (Gila River Basin) factoring in 
other water supplies within that basin (see subsequent discussions). 

This appendix provides technical information regarding the treatment of the Lower Basin 
tributaries in CRSS, including the availability of the data and information necessary to compute 
natural flows. Additionally, three commitments are made to engage in efforts independent of the 
Study: 1) to resolve and correct the methodological and data inconsistencies in Reclamation’s 
Consumptive Uses and Losses Reports (CU&L Reports) (Reclamation, 2005, 2012a, 2012b, 
2012c) pertaining to all of the Lower Basin tributaries, in collaboration with the Colorado River 
Basin States (Basin States); and 2) to develop natural flows for the Little Colorado, Virgin, and 
Bill Williams rivers and to modify CRSS to use natural flows for those tributaries; and 3) to 
                                                 
 

1 Natural flow represents the flow that would have occurred at the location had depletions and reservoir regulation not been 
            present upstream of that location.  

2 The Lower Basin includes those parts of the states of Arizona, California, Nevada, New Mexico, and Utah within and from 
            which waters naturally drain into the Colorado River System below Lee Ferry.  
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explore the feasibility and necessity of computing natural flows for the Gila River Basin and 
adding that tributary to CRSS. 

1.1 Introduction 
This appendix first provides background regarding the methodologies that have been used to 
estimate and report historical consumptive uses and losses data throughout the Basin. The efforts 
over the past decade to resolve inconsistencies in the Upper Basin data are summarized, as well 
as the efforts in the Lower Basin, which to date have been directed primarily toward measuring 
and reporting consumptive uses and losses from the mainstem of the Colorado River. Next, for 
each Lower Basin tributary, the current representation in CRSS is discussed along with the data 
from Reclamation’s CU&L Reports. Discussion is also provided on additional sources of data 
and information relevant to the estimate of consumptive uses and losses on these tributaries. 
Finally, commitments are made for work independent of the Study to resolve the technical issues 
identified.  

2.0 Background 
CRSS, which evolved from programming efforts in the late 1970s and early 1980s, is used to 
simulate the future conditions of the Colorado River system for planning studies. The basis of the 
simulation is a mass balance calculation that accounts for water entering the system, water 
leaving the system (e.g., from consumptive use of water, trans-Basin diversions, evaporation, 
etc.), and water moving through the system (i.e., water stored in reservoirs or flowing in river 
reaches).  

Input data and information for the model include physical parameters, initial reservoir 
conditions, reservoir operating rules, and the diversion and return flow schedules for entities in 
the Basin States and the United Mexican States. Input data for the model also include natural 
flow at 29 locations throughout the system (20 in the Upper Basin upstream of and including the 
Lees Ferry gaging station in Arizona, and 9 below Lees Ferry, including the Paria River and 
inflow points in the Lower Basin), where natural flow represents the flow that would have 
occurred at the location had depletions and reservoir regulation not been present upstream of that 
location. Using these inputs, the model simulates the future state of the system in terms of output 
variables, which include the amount of water in storage, reservoir elevations, releases from the 
dams, diversions to and return flows from the water users, and the amount of water flowing at 
various points throughout the system.  

The computation of natural flows for use in CRSS began in the early 1980s. At that time, 
different approaches (in terms of the methodologies and data) were taken for the computations of 
Upper Basin and Lower Basin natural flows. Over time, although the data and, in some cases, the 
methodologies, have been improved, these differences have remained. The following sections 
summarize these data, methodologies, and differences. 

2.1 Computation of Natural Flows above Lees Ferry, AZ 
The first computation of natural flows above Lees Ferry was done in the 1980s and is described 
in the DRAFT Colorado River Simulation System Hydrology Data Base report (Reclamation, 
1983). This report describes the methods employed to determine natural flows (and the salinity 
of those flows) at the 20 locations in the Upper Basin mainstem and tributaries for the time 
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period 1906 to 1970. The accompanying data provide the monthly consumptive uses and losses 
and reservoir regulation data that were used in those computations. 

In 1968, the Colorado River Basin Project Act (CRBPA) directed the Secretary of the Interior 
(Secretary) to 

make reports as to the annual consumptive uses and losses of water from the 
Colorado River system after each successive five-year period starting on October 
1, 1970. Such reports shall include a detailed breakdown of the beneficial 
consumptive use of water on a State-by-State basis. Specific figures on quantities 
consumptively used from the major tributary streams flowing into the Colorado 
River shall also be included on a State-by-State basis. Such reports shall be 
prepared in consultation with the States of the lower basin individually and with 
the Upper Colorado River Commission, and shall be transmitted to the President, 
the Congress, and to the Governors of each State signatory to the Colorado River 
Compact…  

These reports (the CU&L Reports3) have been prepared by Reclamation, in collaboration with 
the Basin States, for every five-year period from 1971 to 2005. To date, the report covering 2001 
to 2005 is in final review and a provisional report covering the period 2006 to 2008 has been 
prepared. 

The CU&L Reports estimate consumptive uses and losses across eight categories: reservoir 
evaporation, irrigated agriculture, livestock, stockponds, thermal electric power, minerals, 
municipal and industrial (M&I), and exports and imports. Specific methodologies are employed 
for each category and a large amount of data from a variety of sources is required. For example, 
to estimate consumptive use for irrigated agriculture, information regarding the actual acreage 
for specific crop types is coupled with weather data (precipitation, temperature, and frost dates) 
to estimate net evapotranspiration. Other specific information used includes data drawn from 
other published reports such as the USGS water use reports4 as well as data supplied by specific 
entities.  

Over a multi-year period in the early 2000s, the natural flow and salinity data for the Upper 
Basin was reviewed and re-developed for the period 1971 to 1995. A major component of this 
effort was resolving data and methodological inconsistencies found throughout the CU&L 
Reports up to that time. Based on these efforts, consistent data collection and computational 
methodologies were developed and are continually reviewed and updated to provide the best 
available information.  

The review and re-development effort of the consumptive uses and losses data included: 

1. Review and collection of weather data (precipitation, temperature, and frost dates) used 
within the modified Blaney-Criddle method required to estimate net evapotranspiration from 
irrigated croplands. 

                                                 
 

3 Available at: http://www.usbr.gov/uc/library/envdocs/reports/crs/crsul.html. 
4 Available at: http://water.usgs.gov/watuse/.
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2. Review and computation of irrigated acres estimates to ensure an objective methodology to 
estimate acreage from multiple datasets (geographic information systems coverage, Census 
of Agriculture reports, and county agriculture statistics report) was employed when possible. 

3. Review and computation of irrigated agriculture consumptive use to ensure a consistent 
representation of the modified Blaney-Criddle method within a single software package. 

4. Review and correction of reservoir evaporation estimates to ensure that the same set of 
reservoirs were used from one reporting period to the next, including the incorporation of 
new reservoirs constructed after 1971. 

5. Review and correction of USGS water use records used to assist in estimates of mineral and 
M&I uses. 

6. Review and collection of export and import uses to ensure consistent reporting of trans-Basin 
exports and imports from one report period to the next, including the proper accounting of 
trans-Basin exports and imports constructed or decommissioned since 1971. 

7. Correction of data entry errors and design of data entry and storage methods to assist in the 
implementation of quality control measures.  

The estimates from the CU&L Reports are used to compute natural flow5 in the Upper Basin for 
the period after 1970. As the consumptive uses and losses information is updated, the Upper 
Basin natural flows are also re-computed to ensure consistency. To this end, the Upper Basin 
states have raised issues regarding limitations, inconsistencies, and problems with the current 
consumptive uses and losses information, and Reclamation will continue to improve the 
consumptive uses and losses data through coordination and discussion with the Basin States.  

2.2 Computation of Natural Flows below Lees Ferry, AZ 
Methodologies and data used to develop the flows (and the salinity of those flows) for the nine 
inflow points below Lees Ferry from 1906 through 1982 for the tributaries and from 1935 
through 1982 for the mainstem are described in Colorado River Simulation System, Hydrology 
Data Base Lower Colorado Region (Lees Ferry to Imperial Dam) (Reclamation, 1985). These 
nine inflow points represent tributary inflows as well as “gains and losses” within mainstem 
reaches. The inflow points representing tributary inflows are the Paria River, the Little Colorado 
River, the Virgin River, and the Bill Williams River. The inflow points representing mainstem 
gains and losses are Lees Ferry to Grand Canyon, Grand Canyon to Hoover Dam, Hoover Dam 
to Davis Dam, Davis Dam to Parker Dam, and Parker Dam to Imperial Dam. 

Flows on the tributaries are computed not as natural flows, but instead by using historical, gaged 
streamflows. The report details the methodologies used to fill in missing records and extend the 
available records for these tributaries back to 1906.  

Flows representing historical gains and losses along the mainstem reaches are estimates of 
natural flows, calculated by adjusting historical gaged streamflows for reservoir regulation and 
consumptive uses and losses that occurred in the reach. The report details the methodologies 

                                                 
 

5 Additional information is available at http://www.usbr.gov/lc/region/g4000/NaturalFlow/current.html.
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used to fill in the missing consumptive use and historical gaged streamflow records to compute 
the reach gains back to 1935.  

Regarding the Gila River, located in Reach 6 (defined in the 1985 report as “Imperial Dam to 
International Boundary with Mexico”), the report states “Reach 6 is scheduled for completion 
during 1985. It is presently assumed that the reach gains, losses, and tributary inflows between 
Imperial Dam and the International Boundary sum to zero” (Reclamation, 1985). If any further 
work was done to estimate natural flows on this reach, it was not documented. The configuration 
of CRSS reflects this statement in that the Gila River is not included. 

In 1992, the methodologies of the May 1985 report were reviewed and updated in Colorado 
River Simulation System, Hydrology Data Base Lower Colorado Region (Lees Ferry to Imperial 
Dam) (Reclamation, 1992). Data discrepancies were corrected and the flows on the mainstem 
reaches were extended back to 1906, in most cases using monthly averages from a later period.  

Both the mainstem reach flows and the tributary inflows have since been re-visited and 
re-developed using methodologies described in Lee and Salas (2006). This was necessary as new 
information and techniques for record extension became available. The record extension 
technique is based on a multiple linear regression model that includes an error term in order to 
maintain a degree of variability in the extended records comparable to those of available 
historical reference gages.  

As noted above, in 1968, the CRBPA directed the Secretary, in consultation with the Basin 
States, to report on the annual consumptive uses and losses of water from the Colorado River 
system after each successive 5-year period, starting on October 1, 1970, and directed that 

such reports shall include a detailed breakdown of the beneficial consumptive use 
of water on a State-by-State basis. Specific figures on quantities consumptively 
used from the major tributary streams flowing into the Colorado River shall also 
be included on a State-by-State basis…  

In addition to this direction, the 1964 U.S. Supreme Court Decree in Arizona v. California 
(Consolidated Decree, 2006) directed the Secretary to make annual reports available that include 
the  

diversions of water from the mainstream, return flow of such water to the stream 
as is available for consumptive use in the United States or in satisfaction of the 
Mexican Treaty obligation, and consumptive use of such water. These quantities 
shall be stated separately as to each diverter from the mainstream, each point of 
diversion, and each of the States of Arizona, California and Nevada. 

Reclamation accounts for the use of Colorado River water from the mainstem in the Lower Basin 
using a “diversion minus return flow” methodology, whereby the diversions and return flows are 
measured or estimated for each water user. Reclamation publishes this information each year in 
the Colorado River Accounting and Water Use Reports: Arizona, California, and Nevada (Water 
Accounting Reports6). As the Lower Basin mainstem use has grown to its full apportionment, 
the Decree accounting process has evolved into a real-time accounting system that tracks Lower 
Basin mainstem use daily and provides updates of the estimated use-to-date and projected use to 
                                                 
 

6 Available at: http://www.usbr.gov/lc/region/g4000/wtracct.html.
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the end of the calendar year7, in addition to providing the official Water Accounting Report after 
the completion of each calendar year.  

The CU&L Reports include information taken from the Water Accounting Reports for mainstem 
Lower Basin use and also estimate consumptive uses and losses in the Lower Basin tributaries 
back to 1971. The methodologies used in the CU&L Reports to estimate Lower Basin tributary 
use are similar to those used for the Upper Basin. Due to the Lower Colorado Region’s focus on 
Decree accounting and the real-time monitoring system, the data, information, and 
methodologies for estimating Lower Basin tributary consumptive uses and losses have not 
received a great deal of attention over the past several years, and the quality of the resulting 
information has suffered (see data presented in the following section). Similar issues that were 
corrected with the Upper Basin tributary data are likely to exist and will need to be corrected for 
the Lower Basin; however, these investigations have not occurred to date.  

Reclamation updates the natural flow8 for the five locations on the mainstem annually using the 
data provided in the Water Accounting Reports. The approach for the four tributary locations has 
not been modified since the May 1985 report (i.e., Reclamation has not attempted to compute 
natural flows at these locations) and these flows are updated annually using the latest USGS 
streamflow records. 

In the following sections, a preliminary examination of the Lower Basin tributary data is 
presented and specific commitments are made to engage in efforts independent of the Study to 
improve the information regarding Lower Basin consumptive uses and losses and to enhance the 
capabilities of CRSS. 

3.0 Current Information Pertaining to the Little Colorado, 
Virgin, and Bill Williams Rivers 

3.1 Current Representation in CRSS 
For the Little Colorado River, the Virgin River, and the Bill Williams River, flows at specific 
gage locations near the confluence of the tributary and the Colorado River mainstem have been 
used to generate future inflow sequences for input to CRSS. A similar approach has also been 
used for the Paria River. This approach is inconsistent, and therefore work will be completed as 
described below; however, due to timing and resource limitations, this work was not completed 
within the Study.  

By using gage data to represent the flow at these locations, it was assumed that historical 
consumptive uses and losses above the gages on those tributaries may be ignored for modeling 
purposes. As discussed in Technical Report C – Water Demand Assessment, the Study explored a 
range of plausible demand scenarios and the current representation of these tributaries did not 
preclude the exploration of additional future demands on those tributaries.  

The approach is as follows: the USGS streamflow gage with the longest historical record nearest 
the confluence of the tributary and the Colorado River mainstem is used for the period that it is 

                                                 
 

7 Available at: http://www.usbr.gov/lc/region/g4000/hourly/forecast11.pdf.
8 Available at: http://www.usbr.gov/lc/region/g4000/NaturalFlow/Final-MethodsCmptgNatFlow.pdf.
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available, and a record extension technique (see Lee and Salas, 2006, for more information) is 
used to reconstruct the flows back to 1906. The record extension technique is based on a multiple 
linear regression model that includes an error term in order to maintain a degree of variability in 
the extended records comparable to those of available historical reference gages.  

Figures C11-1 through C11-3 present the historical inflow record used to generate future inflow 
sequences for input to CRSS for the Little Colorado, Virgin, and Bill Williams rivers. The flow 
record includes the historical USGS streamflow (solid line) and the reconstructed flow using the 
record extension technique discussed above (dotted line). 
FIGURE C11-1 
Historical Flow for the Little Colorado River near Cameron, AZ, 1906–2008 
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FIGURE C11-2 
Historical Flow for the Virgin River at Littlefield, AZ, 1906–2008 

 

FIGURE C11-3 
Historical Flow for the Bill Williams River below Alamo Dam, AZ, 1906–2008 
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3.2 Consumptive Uses and Losses Data 

3.2.1 Data from Reclamation’s Consumptive Uses and Losses Reports from 
1971 to 2005 

Consumptive uses and losses data for the Lower Basin tributaries have been reported from 1971 
to 2005 in the CU&L Reports; however, as discussed above, these data have not received the 
same level of scrutiny and analysis as the Upper Basin data.  

Figure C11-4 shows Little Colorado River consumptive uses and losses from the CU&L Reports. 
Inconsistencies due to the 5-year reporting periods are evident in the reservoir evaporation 
category, particularly in the sudden decline in the 1981 to 1985 and the 2001 to 2005 periods. A 
similar inconsistency can be seen in the M&I category, which has the lowest use (averaging 
about 10,000 acre-feet per year) during 1981 to 1985.  

FIGURE C11-4 
Historical Consumptive Uses and Losses for the Little Colorado River1, 1971–2005 

 
1 Data shown in cross hatch are currently being investigated and likely contain data and methodological inconsistencies. 
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These inconsistencies from one reporting period to another may result from several factors, 
including (1) different methods to determine M&I uses and losses employed each reporting 
period, (2) different personnel creating the report each reporting period, and (3) a lack of 
considering previous reports when computing the estimate for a current report. As discussed 
previously, similar problems existed in the Upper Basin CU&L Reports prior to Reclamation’s 
review and re-computation of the data, and these reasons were identified for the inconsistencies 
in that data. 

The Little Colorado River originates in New Mexico and flows through northeastern Arizona 
before discharging into the Colorado River in the Grand Canyon. Figure C11-5 shows Arizona 
(left) and New Mexico (right) consumptive uses and losses on the Little Colorado River from the 
CU&L Reports. The inconsistencies originating from the 5-year reporting periods are again 
evident in the both the reservoir evaporation and M&I category for Arizona. Note the New 
Mexico y-axis is double the scale of Figure C11-4 to allow visualization of individual categories. 
The 5-year reporting periods are again evident in the agriculture, reservoir evaporation, and 
mineral categories. 
FIGURE C11-5 
Arizona portion (left) and New Mexico portion (right) of Little Colorado River Consumptive Uses and Losses1, 1971–2005 

 
1 Data shown in cross hatch are currently being investigated and likely contain data and methodological inconsistencies. 

The Virgin River originates in Utah and flows through the northwest corner of Arizona and a 
portion of eastern Nevada before discharging into Lake Mead. Figure C11-6 shows consumptive 
uses and losses on the Virgin River from the CU&L Reports. The 5-year reporting periods are 
again evident, especially in the agriculture category. Obvious shifts in agriculture use occur 
between reporting periods. In particular, there is a large shift upward in agricultural consumptive 
use in 2001 to 2005 that is likely due to data and methodological inconsistencies and is currently 
being investigated.  

Figure C11-7 shows the Arizona (top-left), Nevada (top-right), and Utah (bottom-left) 
consumptive uses and losses on the Virgin River. Again, shifts in categories consistently occur at 
the transition of reporting periods. Note the y-axis is increased by 2 for Arizona and by 10 for 
Nevada from Figure C11-7 to allow visualization of individual categories. 
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FIGURE C11-6 
Historical Consumptive Uses and Losses for the Virgin River1, 1971–2005 

 
1 Data shown in cross hatch are currently being investigated and likely contain data and methodological inconsistencies. 

The Bill Williams River originates in the west-central portion of Arizona and discharges into 
Lake Havasu near Parker Dam. Figure C11-8 shows consumptive uses and losses on the Bill 
Williams River from the CU&L Reports. The 5-year reporting periods are again evident in the 
agriculture, mineral, and reservoir evaporation categories. Shifts in these categories consistently 
occur at the transition of reporting periods. In particular, there is a large shift upward in 
agricultural consumptive use in 2001 to 2005 that is likely due to data and methodological 
inconsistencies and is currently being investigated. 

3.2.2 Other Data and Information Sources 
Several sources beyond Reclamation’s CU&L Reports provide information regarding 
consumptive uses and losses on the Little Colorado, Virgin, and Bill Williams rivers. For the 
Little Colorado and Bill Williams rivers, information sources include the Arizona Water Atlas 
published by the Arizona Department of Water Resources (ADWR), studies by the State of New 
Mexico, USGS, the U.S. Army Corps of Engineers, and Reclamation.  

For the Virgin River, information sources include reports prepared as part of the Utah State 
Water Plan, the Arizona Water Atlas, studies by the Natural Resources Conservation Service, and 
Dixie Project investigations by Reclamation.  
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FIGURE C11-7 
Arizona (top-left), Nevada (top-right), and Utah (bottom-left) portions of Virgin River Consumptive Uses and  Losses1, 1971–
2005 

 
1 Data shown in cross hatch are currently being investigated and likely contain data and methodological inconsistencies. 

In addition, the Lower Colorado Region, recognizing the need to improve information on 
historical flows for these tributaries, has been collaborating with the University of Arizona’s 
Laboratory of Tree-Ring Research to develop tree-ring reconstructions of streamflow for these 
tributaries since 2005. Information gained from this effort can be used to further the development 
of natural flows on these tributaries. 

3.2.3 Future Work 
The consumptive uses and losses reported in the CU&L Reports for the Little Colorado, Virgin, 
and Bill Williams rivers show inconsistencies similar to those observed in the Upper Basin 
reports before Reclamation’s multi-year effort to address and correct data and methodological 
inconsistencies undertaken in the early 2000s. Furthermore, the methodologies used in the 
CU&L Reports do not distinguish between consumptive uses and losses from tributary water and 
non-tributary water along these tributaries. In efforts independent of the Study, Reclamation will 
work to resolve these issues in collaboration with the states in the Lower Basin. 

Additionally, in efforts independent of the Study, natural flows for the Little Colorado, Virgin, 
and Bill Williams rivers will be developed along with the necessary modifications to CRSS in 
order to use these natural flows. Major activities required to develop natural flows for these 
tributaries include: 
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FIGURE C11-8 
Historical Consumptive Uses and Losses for the Bill Williams River1, 1971–2005 

 
1 Data shown in cross hatch are currently being investigated and likely contain data and methodological inconsistencies. 

• Collect data and develop methodologies to extend consumptive uses and losses estimates for 
these Lower Basin tributaries from 1971 (the earliest data reported in the CU&L Reports) 
back to 1906 (the start of the natural flow record) 

• Collect data and apply methodologies to remove the effects of historical reservoir regulation 
on these tributaries (e.g., Alamo Dam on the Bill Williams River), and account for reservoir 
regulation in the future 

• Develop projected future demand schedules for uses along these tributaries for input to the 
model in collaboration with the states of the Lower Basin 

4.0 Current Information Pertaining to the Gila River 
4.1 Current Representation in CRSS 
Although the Gila River drains a large portion of the Colorado River Basin, it has not been 
represented in CRSS since the model’s inception. Flows from the Gila River seldom reach the 
mainstem of the Colorado River, and when they do, the flows are very sporadic and are typically 
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of high magnitude, as illustrated in Figure C11-9. The confluence of the Gila River and the 
Colorado River mainstem is downstream of all the major storage reservoirs in the United States.  

Although the Gila River is not explicitly represented in CRSS, exploration of future water 
demands and water supplies in the Gila River Basin was implicitly accomplished for the Study 
by the representation of Arizona’s demand as expressed in the quantified demand scenarios.  

Figure C11-9 shows the USGS gage for the Gila River near Dome, Arizona (upstream of 
confluence with Colorado River) and illustrates the sporadic nature of the Gila River flow. The 
dataset is complete back to 1930 but incomplete from 1906 to 1930. 
FIGURE C11-9 
Historical Flow for the Gila River near Dome, AZ, 1906 and 1930–2008 

 

4.2 Consumptive Uses and Losses Data 

4.2.1 Data from Reclamation’s Consumptive Uses and Losses Reports from 
1971 to 2005 

Figure C11-10 shows the consumptive uses and losses on the Gila River from the CU&L 
Reports. Figure C11-11 shows these losses broken out by state: Arizona and New Mexico. Data 
inconsistencies associated with the 5-year reporting periods are suspected although they are more 
difficult to discern because the magnitudes of those inconsistencies are likely smaller relative to 
the total use in the Gila River tributary. The CU&L Reports report the annual CAP delivery, but 
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do not provide information regarding the category of use of that water9. Furthermore, the 
contribution of the non-tributary groundwater use and supplies are not considered in the CU&L 
Reports. Other tributaries have sources of water other than tributary water; however, the issue is 
more significant with respect to the Gila River because the other sources supply a relatively 
larger portion of the consumptive use.  
FIGURE C11-10 
Historical Consumptive Uses and Losses for the Gila River, 1971–2005 

 

4.2.2 Other Data and Information Sources 
Several sources beyond Reclamation’s CU&L Reports provide information regarding 
consumptive uses and losses on the Gila River. These sources include the Arizona Water Atlas 
published by the ADWR and studies by the State of New Mexico, USGS, and Reclamation. In 
addition, the Western Water Assessment at the University of Colorado is presently developing 
tree-ring reconstructions of streamflow on the Gila River.  

 

                                                 
 

9 Arizona provided a breakdown by use category of CAP deliveries from the mainstem to the Gila River Basin (see 
            appendix C6). 
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FIGURE C11-11 
Arizona (left) and New Mexico (right) Gila River Consumptive Uses and Losses, 1971–2005 

 

4.2.3 Future Work 
The consumptive uses and losses reported in the CU&L Reports for the Gila River show 
inconsistencies similar to those observed in the Upper Basin reports before Reclamation’s multi-
year effort to address and correct data and methodological inconsistencies undertaken in the 
early 2000s. Furthermore, the methodologies used in the CU&L Reports do not distinguish 
between consumptive uses and losses from tributary water and non-tributary water in the Gila 
River Basin. In efforts independent of the Study, Reclamation will work to resolve these issues 
in collaboration with the Basin States. In addition, a commitment is made to explore the 
feasibility and usefulness of computing natural flows for the Gila River Basin and the feasibility 
and usefulness of adding that basin to CRSS. 

5.0 Summary 
In the current configuration of CRSS, historical inflows based on USGS streamflow records have 
been used to generate future inflow sequences for the Little Colorado, Virgin, and Bill Williams 
rivers, inconsistent with the approach taken for the other tributaries (with the exception of the 
Paria River). In addition, the Gila River is not included in CRSS. This approach was used for 
past Colorado River planning studies; however, questions regarding the adequacy of the 
treatment of the Lower Basin tributaries in CRSS for the Study arose during the phases focused 
on assessing future water supply and demand. Although some limitations were imposed on the 
Study by this treatment the Study was able to examine several important issues, including 
potential climate change impacts on the tributaries represented in CRSS, future demand 
scenarios on those tributaries, and future demand scenarios for the Colorado River from the 
central Arizona planning area (Gila River Basin) factoring in other water supplies within that 
basin through other approaches. 

Consumptive uses and losses estimates reported in Reclamation’s CU&L Reports show 
methodological and data inconsistencies for these Lower Basin tributaries. Similar 
inconsistencies were present in the Upper Basin estimates before Reclamation’s multi-year effort 
in the early 2000s to resolve them. Reclamation, in collaboration with the Basin States, is 
committed to resolving the issues on the Lower Basin tributaries in an effort independent of the 
Study. Additional data and information sources are available, and research efforts are ongoing 
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concerning consumptive uses and losses estimates on these tributaries. These sources will be 
utilized and coordination with ongoing efforts will be accomplished as appropriate.  

Also, in an effort independent of the Study, Reclamation is committed to developing natural 
flows on the Little Colorado, Virgin, and Bill Williams rivers and modifying CRSS to use these 
flows. This effort will require the extension of consumptive use and loss estimates from 1906 to 
1971, the development of methodologies to account for past and future reservoir regulation, and 
the development of future demand schedules for those tributaries. In addition, a commitment is 
made to explore the feasibility and usefulness of computing natural flows for the Gila River 
Basin and the feasibility and usefulness of adding that basin to CRSS. 
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Appendix C12 — Plausible Range of 
Parameters 
Table C12-1 describes the parameters range for each parameter of the Current Projected 
scenario.  The storyline for the Current Projected scenario is that growth, development patterns, 
and institutions will continue along recent trends.  

TABLE C12-1 
Plausible Range of Parameters for Each Critical Uncertainty Associated with Water Demand 

General 
Driving Force 

Categories Critical Uncertainties1 

Description of 
Parameters if Current 
Projected Continues 

Plausible Low End of 
Range 

Plausible High End 
of Range 

Demographic 
and land use 

Changes in population 
and distribution [4]  

Best estimate of 
population growth 

Slow growth: 
• Increases principally 

in existing urban 
areas 

Rapid, expansive 
growth: 
• Focused in urban 

centers and 
“sprawl” to 
traditionally non-
urban areas (likely 
driven by economic 
growth) 

Changes in agricultural 
land use (e.g., irrigated 
agricultural areas, crop 
mixes, etc.) [5] 

Nominal increase in 
irrigated agricultural 
lands due to the build-
out of currently planned 
agricultural supply 
projects: 
• Varies from state to 

state with some 
natural decreases 
also occurring  

Significant decrease in 
agricultural lands in 
many basin states 
• Due to permanent 

agricultural. 
retirement 

Slightly faster 
increase in irrigated 
agricultural lands 
(varies from state to 
state) due to the 
build-out of currently 
planned agricultural 
supply projects 

Technology 
and 
economics 
 

Changes in agricultural 
water use efficiency [8] 

Continued Current 
Projected in agricultural 
water use efficiency: 
• Salinity control 

projects continue to 
be pursued 

Decreased agricultural 
efficiency resulting 
from aging 
infrastructure and 
minimal capital 
investment in 
repair/replacement 

Externally driven 
increases in water 
saving technology 
Rapid adoption of 
new water saving 
technologies 

Changes in municipal 
and industrial water use 
efficiency [9] 

Water use efficiency is 
increasing according to 
current policy and 
technology: 
• External factors 

limiting water use of 
appliances/fixtures 
(e.g., federal statutes 
dictating water use 
efficiency of fixtures) 

• Policies in place 
affecting future—vary 
by municipality and 
state 

M&I consumer 
efficiency continues 
according to Current 
Projected: 
• Aging infrastructure 

could have effects 
on water efficiency 

Diversification of 
supply portfolios and 
increased costs, 
leading to increased 
water use efficiency: 
• Increased 

implementation of 
WaterSense, 
EnergyStar, 
efficient 
landscaping 
technology, etc. 
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General 
Driving Force 

Categories Critical Uncertainties1 

Description of 
Parameters if Current 
Projected Continues 

Plausible Low End of 
Range 

Plausible High End 
of Range 

Technology 
and 
economics 
(cont.) 
 

Changes in water needs 
for energy generation 
(e.g., solar, oil shale, 
thermal, nuclear, etc.) 
[12] 

Water needs for energy 
expand: 
• Some expansion of 

oil shale/fossil fuel 
development  

• Some expansion of 
thermal solar 
development 

• Existing requirements 
for renewable energy 
are applied 

Decreases in water for 
energy based on 
reduced freshwater for 
cooling (e.g., dry 
cooling) or technology 
improvements: 
• High technology 

adaptation 
• Increased 

requirements for 
renewable as a 
percentage of 
energy portfolio, with 
emphasis on dry 
technologies 

Increased water use 
for energy, including 
solar, oil shale, and 
nuclear: 
• Low technology 

adaptation 
• Economic drivers 

encouraging 
growth in energy 
production 

Social and 
governance 

Changes in institutional 
and regulatory 
conditions (e.g. laws, 
regulations, etc.) [10] 

No anticipated changes 
in institutional and 
regulatory conditions 

Same as Current 
Projected 

Increased institutional 
and regulatory 
conditions 
National climate 
change regulations 
implemented (related 
to greenhouse gas 
management) 

Changes in flow-
dependent ecosystem 
needs for Endangered 
Species Act (ESA)-listed 
species [13] 

No change in currently 
realized ESA-listed 
species needs 

Same as Current 
Projected 

ESA flow targets for 
existing listed species 
are met and recovery 
is maintained 

Changes in other flow-
dependent ecosystem 
needs [14] 

No change in current 
planning and/or 
projections associated 
with ecosystem needs 
or practices 

Same as Current 
Projected 

Institutional 
agreements for 
ecological flows 
sufficient to ensure a 
resilient ecosystem (in 
timing, amount and 
location) 

Changes in social 
values affecting water 
use [15] 

Social values affecting 
water use are similar to 
recent past: 
• Continue along 

current trend of 
increased 
conservation, 
increased support in 
parts of the Basin for 
meeting 
environmental flows 

Societal focus on 
economic efficiency 

Societal values result 
in greater flexibility of 
water use for multiple 
purposes: 
• Acceptance of 

water recycling 
• Social values 

affecting water use 
accelerate current 
trend of increased 
conservation 

Changes in water 
availability due to tribal 
water use and 
settlement of tribal water 
rights claims [17] 

Tribal water use 
continues as projected 
in settlements 

Slower implementation 
of development within 
the settlements 

Faster implementation 
of development within 
the settlements 
• Additional tribal 

claims and 
settlements 
realized 

1 Bracketed number reflects the number assigned to the 18 driving forces listed in Technical Report A – Scenario 
        Development. 
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Appendix C13 — Parameters Assigned to 
Each Scenario 

In the spring of 2011, the Water Demand Sub-Team developed and refined the demand 
scenarios. As part of this process, each parameter was assigned a plausible range (e.g., 
population – low, medium, and high growth). Once these ranges were developed, using the 
storylines as a guide, the Water and Demand Sub-Team assigned appropriate parameter state for 
each scenario. Table C13-1 presents the final parameter state assigned to each scenario.   
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TABLE C13-1 
Parameters Assigned to Each Scenario 

General 
Driving 
Force 

Categories 
Critical 

Uncertainties1 

Scenario 

Current Projected – 
Growth, development 

patterns, and 
institutions continue 
along recent trends 

Slow Growth – 
Low growth with 

emphasis on 
economic 
efficiency 

Rapid Growth – Economic 
resurgence (population and energy) 

and current preferences toward 
human and environmental values 

Enhanced Environment– Expanded 
environmental awareness and 

stewardship with growing 
economy 

A B 

C1 
Slower 

technology 
adoption 

C2 
Rapid technology 

adoption and slight 
increase in social 

values 

D1 
Current 
growth 
trend 

D2 
Higher growth and 

technology 

Demographic 
and land use 

Changes in 
population and 
distribution [4]  

Best estimate of 
population growth 

Slow growth: 

• Increase 
principally in 
existing urban 
areas 

Rapid, expansive growth: 

• Focused in urban centers and 
“sprawl” to traditionally non-urban 
areas (likely driven by economic 
growth) 

Same as 
Current 
Projected 

Rapid, expansive 
growth:  
• Focused in urban 

centers and “sprawl” 
to traditionally non-
urban areas (likely 
driven by economic 
growth) 

Changes in 
agricultural land 
use (e.g., 
irrigated 
agricultural 
areas, crop 
mixes, etc.) [5] 

Nominal increase in 
irrigated agricultural 
lands due to the build-
out of currently planned 
agricultural supply 
projects: 

• Varies from state to 
state, with some 
natural decreases 
also occurring  

Same as Current 
Projected 

Slightly faster increase in irrigated 
agricultural lands (varies from state to 
state) due to the build-out of currently 
planned agricultural supply projects 

Same as Current Projected 

Technology 
and 
economics 

Changes in 
agricultural 
water use 
efficiency [8] 

Continued current trends 
in agricultural water use 
efficiency: 

• Salinity control projects 
continue to be pursued 

Decreased 
agricultural 
efficiency resulting 
from aging 
infrastructure and 
minimal capital 
investment in 
repair/replacement 

Decreased 
agricultural 
efficiency resulting 
from aging 
infrastructure and 
minimal capital 
investment in 
repair/replacement 

Externally driven 
increases in water 
saving technology 
Rapid adoption of 
new water saving 
technologies 

Same as 
Current 
Projected 

Externally driven 
increases in water-
saving technology  
Rapid adoption of new 
water- saving 
technologies 
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General 
Driving 
Force 

Categories 
Critical 

Uncertainties1 

Scenario 

Current Projected – 
Growth, development 

patterns, and 
institutions continue 
along recent trends 

Slow Growth – 
Low growth with 

emphasis on 
economic 
efficiency 

Rapid Growth – Economic 
resurgence (population and energy) 

and current preferences toward 
human and environmental values 

Enhanced Environment– Expanded 
environmental awareness and 

stewardship with growing 
economy 

A B 

C1 
Slower 

technology 
adoption 

C2 
Rapid technology 

adoption and slight 
increase in social 

values 

D1 
Current 
growth 
trend 

D2 
Higher growth and 

technology 

Technology 
and 
economics, 
continued 

Changes in 
municipal and 
industrial water 
use efficiency [9] 

Water use efficiency is 
increasing according to 
current policy and 
technology: 

• External factors limiting 
water use of 
appliances/fixtures 
(e.g., federal statutes 
dictating water use 
efficiency of fixtures) 

• Policies in place 
affecting future—vary 
by municipality and 
state 

M&I consumer 
efficiency continues 
according to current 
trends: 

• Aging 
infrastructure 
could have 
effects on water 
efficiency 

M&I consumer 
efficiency continues 
according to 
current trends: 

• Aging 
infrastructure 
could have 
effects on water 
efficiency 

Diversification of 
supply portfolios and 
increased costs 
leading to increased 
water use efficiency: 

• Increased 
implementation of 
WaterSense, 
EnergyStar, 
efficient 
landscaping 
technology, etc. 

Diversification of supply portfolios and 
increased costs, leading to increased 
water use efficiency: 

• Increased implementation of 
WaterSense, EnergyStar, efficient 
landscaping technology, etc. 

Changes in 
water needs for 
energy 
generation (e.g., 
solar, oil shale, 
thermal, nuclear, 
etc.) [12] 

Water needs for energy 
expand: 

• Some expansion of oil 
shale/fossil fuel 
development  

• Some expansion of 
Thermal Solar 
development 

• Existing requirements 
for renewable energy 
are applied 

Same as Current 
Projected 

Increased water 
use for energy, 
including solar, oil 
shale, and nuclear: 

• Low technology 
adaptation 

• Economic 
drivers 
encouraging 
growth in energy 
production 

Decreases in water 
for energy based on 
reduced freshwater 
for cooling (e.g., dry 
cooling) or 
technology 
improvements: 

• High technology 
adaptation 

• Increased 
requirements for 
renewable as a 
percentage of 
energy portfolio, 
with emphasis on 
dry technologies 

Decreases in water for energy based on 
reduced freshwater for cooling (e.g., dry 
cooling) or technology improvements: 

• High technology adaptation 

• Increased requirements for 
renewable as a percent of energy 
portfolio, with emphasis on dry 
technologies 
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General 
Driving 
Force 

Categories 
Critical 

Uncertainties1 

Scenario 

Current Projected – 
Growth, development 

patterns, and 
institutions continue 
along recent trends 

Slow Growth – 
Low growth with 

emphasis on 
economic 
efficiency 

Rapid Growth – Economic 
resurgence (population and energy) 

and current preferences toward 
human and environmental values 

Enhanced Environment– Expanded 
environmental awareness and 

stewardship with growing 
economy 

A B 

C1 
Slower 

technology 
adoption 

C2 
Rapid technology 

adoption and slight 
increase in social 

values 

D1 
Current 
growth 
trend 

D2 
Higher growth and 

technology 

Social and 
governance 

Changes in 
institutional and 
regulatory 
conditions (e.g. 
laws, 
regulations, etc.) 
[10] 

No anticipated change in 
regulations (2007 Interim 
Guidelines2 extended 
through 2060) 

Same as Current 
Projected 

Same as Current 
Projected 

• Increased 
institutional and 
regulatory 
conditions 

• National climate 
change 
regulations 
implemented, 
(related to 
greenhouse gas 
management) 

• Increased institutional and regulatory 
conditions 

• National climate change regulations 
implemented (related to greenhouse 
gas management) 

Changes in flow-
dependent 
ecosystem 
needs for 
Endangered 
Species Act 
(ESA)-listed 
species [13] 

No change in currently 
realized ESA-listed 
species needs 

Same as Current 
Projected 

Same as Current Projected ESA flow targets for existing listed 
species are met and recovery is 
maintained 

Changes in 
other flow-
dependent 
ecosystem 
needs [14] 

No change in current 
planning and/or 
projections associated 
with ecosystem needs or 
practices 

Same as  Current 
Projected 

Same as Current Projected Institutional agreements for ecological 
flows sufficient to ensure a resilient 
ecosystem (in timing, amount and 
location) 
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General 
Driving 
Force 

Categories 
Critical 

Uncertainties1 

Scenario 

Current Projected – 
Growth, development 

patterns, and 
institutions continue 
along recent trends 

Slow Growth – 
Low growth with 

emphasis on 
economic 
efficiency 

Rapid Growth – Economic 
resurgence (population and energy) 

and current preferences toward 
human and environmental values 

Enhanced Environment– Expanded 
environmental awareness and 

stewardship with growing 
economy 

A B 

C1 
Slower 

technology 
adoption 

C2 
Rapid technology 

adoption and slight 
increase in social 

values 

D1 
Current 
growth 
trend 

D2 
Higher growth and 

technology 

Social and 
governance, 
continued 

Changes in 
social values 
affecting water 
use [15] 

Social values affecting 
water use are similar to 
recent past: 

• Continue along current 
trend of increased 
conservation, 
increased support in 
parts of the Basin for 
meeting environmental 
flows 

Societal focus on 
economic efficiency 

Same as Current 
Projected 

Societal values 
result in greater 
flexibility of water 
use for multiple 
purposes: 

• Acceptance of 
water recycling 

• Social values 
affecting water 
use accelerate 
current trend of 
increased 
conservation 

Societal values result in greater 
flexibility of water use for multiple 
purposes: 

• Acceptance of water recycling 

• Social values affecting water use 
accelerate current trend of increased 
conservation 

• Increased support for meeting 
environmental flows  

• Tourism economy booms creating 
more demand for in-stream flows 

Changes in 
water availability 
due to tribal 
water use and 
settlement of 
tribal water 
rights claims [17] 

Tribal water use continues 
as projected in 
settlements 

Slower 
implementation of 
development within 
the settlements 

• Faster implementation of development 
within the settlements 

• Additional tribal claims and settlements 
realized 

Same as 
Current 
Projected 

• Faster implementation 
of development within 
the settlements 

• Additional tribal claims 
and settlements 
realized 

1 Bracketed column reflects the number assigned to the 18 driving forces listed in Technical Report A – Scenario Development, table A-1. 
2 U.S. Department of the Interior. 2007. Colorado River Interim Guidelines for Lower Basin Shortages and Coordinated Operations for Lake Powell and Lake 
Mead.  
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Appendix C14 — Water Demand 
Scenario Storylines 

The scenario narratives, or storylines, are described in this appendix, and are organized by the 
general driving force categories (Demographics and Land Use, Technology and Economics, and 
Social and Governance) and by specific parameters. The characteristics of each parameter are 
briefly described. During quantification, these descriptions were refined to maintain consistency 
and provide coherent descriptions of each scenario.  

1.0 Storyline for the Current Projected (A) Scenario 
1.1 Demographics and Land Use 
Population1 – Populations in the Colorado River Basin (Basin), the adjacent areas, and the 
southwestern United States grow at rates commensurate with the “best estimate” demographic 
projections. Population growth generally occurs centered in existing urban areas.  

Agricultural Land Use – There are decreases in irrigated agricultural lands due to conversion of 
agricultural land use to urban land use and lower-economic value crops being phased out in some 
areas. Agricultural land use reductions vary by location, with some increases in acreage due to 
build-out of currently planned agricultural water supply projects.  

1.2 Technological and Economics 
Agricultural Water Use Efficiency – Current trends in agricultural water use efficiency 
continue making modest improvements to on-farm and system efficiency through projects such 
as those supported under the Salinity Control Program. These improvements result in minimal 
change to Basin consumptive use. No radical changes in technology are anticipated. Agricultural 
uses are generally consistent with today’s practices (for example, no major changes in 
techniques, crops, or practices). 

Municipal and Industrial (M&I) Water Use Efficiency – Water use efficiency increases 
according to current Basin water provider policies (for example, Southern Nevada Water 
Authority’s [SNWA’s] current gallons per capita per day [gpcd] planning goals) and technology. 
External factors beyond the control of Basin water providers that limit the water use of fixtures 
and appliances (for example, federal statutes) continue, resulting in “natural” increases in in-
home efficiency. Water use efficiency changes vary by location according to local goals and mix 
of water use categories. No radical changes in technology are anticipated. 

Water Needs for Energy – Water needs for energy expand relative to population growth and 
current regulations, policies, and planning for the energy industry. Current requirements for 
renewables are met according to current schedules. Fossil fuel development, and in particular, oil 
shale development, occurs according to current plans. No dramatic changes to global economies 

                                                 
1 Population estimates for each state correspond with different reference points based on state, local information, and 

            planning, and consider long-term trends to represent “best estimate” projections. 
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or energy demand that would spur additional consideration occur (for example, increased fossil 
fuel prices). 

1.3 Social and Governance 
Institutional and Regulatory – Federal and state laws and regulations affecting the Basin 
continue in a similar manner as today. Despite the potential for sunsetting of future regulations 
and agreements, the operations of the Colorado River are relatively unchanged.  

Flow-dependent Endangered Species Act (ESA) Needs – There is no expansion of the federal 
endangered species program, change to the needs of currently listed ESA species, or updates of 
existing Biological Opinions. Operations for ESA needs continue according to recent practices, 
agreements, and regulations.  

Flow-dependent non-ESA Needs – No change is anticipated in currently realized ecosystem 
needs or operational practices to meet needs. Operations to meet ecosystem needs continue 
according to recent practices. 

Social Values – Social values that affect water use in all categories remain consistent with the 
recent past. These values include continued support for ongoing, planned M&I and agricultural 
conservation efforts as well as support for the ESA and its implementation. 

Tribal Use – Tribal use develops according to quantified rights and current use patterns. 

2.0 Storyline for the Slow Growth (B) Scenario 
2.1 Demographics and Land Use 
Population – Populations continue to grow primarily in urban centers, but at slower rates than 
the current projected scenario. Population growth is consistent with moderate to low economic 
growth, followed by economic and subsequent population growth that is less robust than that of 
the recent past.  

Agricultural Land Use – There are decreases in irrigated agricultural lands due to conversion of 
agricultural land use to urban land use and lower-economic value crops being phased out in some 
areas. Agricultural land use reductions vary by location, with some increases in acreage due to 
build-out of currently planned agricultural water supply projects.  

2.2 Technological and Economics 
Agricultural Water Use Efficiency – Lack of economic growth results in decreased revenues 
and reduced capital investment for routine and long-term maintenance. Reduced maintenance 
results in an overall decline in on-farm and delivery efficiency. These efficiency reductions 
require greater diversions to meet consumptive use requirements. However, Basin consumption 
changes little as additional losses are returned to the Colorado River system.  

M&I Water Use Efficiency – Water use efficiency increases according to current policies (for 
example, SNWA’s current gpcd planning goals) and technology. External factors that limit the 
water use of fixtures and appliances (for example, federal statutes) continue, resulting in 
“natural” increases in in-home efficiency. Water use efficiency changes vary by location 
according to local goals and mix of water use categories. No radical changes in technology are 
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anticipated. Aging infrastructure and lack of capital investment due to slow growth result in 
some acute water loss events. However, these events are generally absorbed by the long-term 
natural trends toward greater efficiency. 

Water Needs for Energy – Water needs for energy expand relative to population growth and 
current regulations, policies, and planning for the energy industry. Current requirements for 
renewables are met according to current schedules. Despite the regional slow growth, global 
energy demand, and in particular, fossil fuel development (including oil shale development), 
occurs according to current plans. No dramatic changes to global economies or energy demand 
that would spur additional consideration occur (for example, increased fossil fuel prices). 

2.3 Social and Governance 
Institutional and Regulatory – Slow growth and focus on economic efficiency lead to no 
significant change in institutional and regulatory requirements. Existing federal and state laws 
and regulations affecting the Basin continue.  

Flow-dependent ESA Needs – No change is anticipated in currently realized ecosystem needs 
or operational practices to meet needs. Operations to meet ecosystem needs continue according 
to recent practices. 

Flow-dependent non-ESA Needs – No change is anticipated in currently realized ecosystem 
needs or operational practices to meet needs. Operations for ecosystem needs continue according 
to recent practices. 

Social Values – Economic efficiency is the overwhelming driver affecting social values. Social 
values that affect water use in all categories trend toward preferences for human water use and 
systems over other concerns. This focus is driven largely by a lack of funds for capital outlay and 
a lack of societal willingness to take on new programs. 

Tribal Use – Tribal use continues to develop, but at slower than planned rates. 

3.0 Storyline for the Rapid Growth (C1 and C2) Scenarios  
This storyline includes two branches: (C1) slower technology adoption, and (C2) rapid 
technology adoption and slight increase in social values.  

3.1 Demographics and Land Use 
Population – Rapid population growth, focused around urban centers with sprawl to outlying 
areas, is driven by prolonged growth following patterns of recent history. This population growth 
is similar to typical “high” demographic projections for the Southwest. 

Agricultural Land Use – Agricultural land use decreases at a slightly faster rate than the 
Current Projected (A) scenario, primarily because of economic growth resulting in an increased 
rate of urbanization. Agricultural land use reductions vary by location, with some increases due 
to development of currently planned projects.  
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3.2 Technological and Economics 
Agricultural Water Use Efficiency – (C1) Lack of economic growth in the agricultural sector 
results in decreased revenues and reduced capital investment for routine and long-term 
maintenance. Reduced maintenance results in an overall decline in on-farm and delivery 
efficiency. These efficiency reductions require greater diversions to meet consumptive use 
requirements. However, Basin consumption changes little as additional losses are returned to the 
Colorado River system.  

(C2) Economic conditions result in investment and rapid adoption of new technologies, resulting 
in significant increases in agricultural water use efficiency. These technologies result in denser 
cropping patterns and higher yields, with subsequent greater overall consumptive use demand. 
Irrigation techniques and delivery system water control are significantly improved over those in 
the Current Projected (A) scenario. Gains in distribution efficiency partially offset the increased 
consumptive use. 

M&I Water Use Efficiency – (C1) Water use efficiency increases according to current policies 
(for example, SNWA’s current gpcd planning goals) and technology. External factors that limit 
the water use of fixtures and appliances (for example, federal statutes) continue, resulting in 
“natural” increases in in-home efficiency. Water use efficiency changes vary by location 
according to local goals and mix of water use categories. No radical changes in technology are 
anticipated.  

(C2) Increased federal investment in water-saving technology and conservation programs results 
in a substantive increase in water-saving technology (for example, WaterSmart, EnergyStar, and 
landscape technology). These technologies are applied Basin-wide, resulting in reduced demand 
and consumptive use.  

Water Needs for Energy – (C1) Water needs for energy expand relative to population growth 
and current regulations, policies, and planning for the energy industry. Current requirements for 
renewables are met according to schedules. Fossil fuel development, and in particular, oil shale 
development, occurs at a faster rate due to economic drivers spurring growth in energy 
production. 

(C2) Water needs for energy expand relative to population growth and current regulations, 
policies, and planning for the energy industry. However, investment in technology results in 
adoption of water-saving techniques (for example, dry cooling). Renewable energy requirements 
continue, with an emphasis on dry cooling due to an increase in social considerations related to 
carbon production. Economic conditions do not favor new fossil fuel development in the 
Southwest. 

3.3 Social and Governance 
Institutional and Regulatory – (C1) Federal and state laws and regulations affecting the Basin 
continue in a similar manner as today. Despite the potential for sunsetting of future regulations 
and agreements, the operations of the Colorado River are relatively unchanged.  

(C2) Changing social values lead to increased governmental regulation, including the enactment 
of climate change and greenhouse gas mitigation measures. These measures primarily manifest 
themselves in more-integrated management of water and energy (water use efficiency).  
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Flow-dependent ESA Needs – No change is anticipated in currently realized ecosystem needs 
or operational practices to meet needs. Operations to meet ecosystem needs continue according 
to recent practices.  

Flow-dependent non-ESA Needs – No change is anticipated in currently realized ecosystem 
needs or operational practices to meet needs. Operations for ecosystem needs continue according 
to recent practices. 

Social Values – (C1) Social values that affect water use in all categories remain consistent with 
the recent past. These values include continued support for ongoing planned M&I and 
agricultural conservation efforts as well as support for the ESA and its implementation. 

(C2) A slight increase in social values and subsequent pressure focused on conservation efforts 
results in management of the Basin, with increased flexibility for multiple water uses (for 
example, recreational). Trends continue toward M&I conservation adoption.  

Tribal Use – Tribal use and development occur faster than currently planned. In addition, new 
tribal claims and settlements are realized. 

4.0 Storyline for the Enhanced Environment Scenarios (D1 
and D2) 

This storyline includes two branches: (D1) current projected growth, and (D2) rapid growth and 
technology.  

4.1 Demographics and Land Use 
Population – (D1) Populations in the Basin, the adjacent water-dependent basins, and the 
southwestern United States grow at rates commensurate with the best estimate demographic 
projections. Population growth generally occurs centered in existing urban areas. 

(D2) Rapid population growth focused around urban centers is driven by prolonged economic 
growth following patterns of recent history. This population growth is similar to typical “high” 
demographic projections for the Southwest. 

Agricultural Land Use – There are nominal increases in irrigated agricultural lands, primarily 
due to the build-out of currently planned agricultural water supply projects. Agricultural land use 
growth varies by location, with some conversion of agricultural land to urban land and lower-
economic value crops being phased out in some areas.  

4.2 Technological and Economics 
Agricultural Water Use Efficiency – (D1) Current trends in agricultural water use efficiency 
continue making modest improvements to on-farm and system efficiency through projects such 
as those supported under the Salinity Control Program. These improvements result in little 
change to Basin consumptive use. No radical changes in technology are anticipated. Agricultural 
uses are generally consistent with today’s practices (for example, no major changes in 
techniques, crops, or practices). 

(D2) Economic conditions result in investment and rapid adoption of new technologies, resulting 
in significant increases in agricultural water use efficiency. These technologies result in denser 
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cropping patterns and higher yields with subsequent greater overall consumptive use demand. 
Irrigation techniques and delivery system water control are significantly improved over those in 
the Current Projected (A) scenario. Gains in distribution efficiency partially offset the increased 
consumptive use. 

M&I Water Use Efficiency – Increased federal investment in water-saving technology and 
conservation programs results in a substantive increase in water-saving technology (for example, 
WaterSmart, EnergyStar, and landscape technology). These technologies are applied Basin-wide, 
resulting in reduced demand and consumptive use. 

Water Needs for Energy – Water needs for energy expand relative to population growth and 
current regulations, policies, and planning for the energy industry. However, investment in 
technology results in adoption of water-saving techniques (for example, dry cooling). Renewable 
energy requirements continue, with an emphasis on dry cooling due to an increase in social 
considerations related to carbon production. Economic conditions do not favor new fossil fuel 
development in the Southwest. 

4.3 Social and Governance 
Institutional and Regulatory – Changing social values lead to increased governmental 
regulation, including the enactment of climate change and greenhouse gas mitigation measures. 
These measures primarily manifest themselves in more-integrated management of water and 
energy (water use efficiency).  

Flow-dependent ESA Needs – ESA flow targets for existing listed species are met and recovery 
of the species is maintained. 

Flow-dependent non-ESA Needs – Increased social values lead to institutional agreements for 
ecological flows sufficient to support a healthy river system (in timing, amount, and location).  

Social Values – Increase in social values and subsequent pressure focused on conservation 
efforts results in management of the Basin with increased flexibility for multiple water uses (for 
example, recreational). Trends continue toward M&I conservation adoption and public demand 
for in-stream flows (for example, tourism and Wild and Scenic Rivers). 

Tribal Use – (D1) Tribal use develops according to quantified rights and current use patterns. 

(D2) Tribal use and development occur faster than currently planned. In addition, new tribal 
claims and settlements are realized. 
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Appendix C15 ─ Climate Change Effects on 
Water Demand and Losses 

1.0 Introduction 
The purpose of the Colorado River Basin Water Supply and Demand Study (Study) is to conduct 
a comprehensive study to define current and future imbalances in water supply and demand in 
the Colorado River Basin (Basin) and the adjacent areas of the seven Colorado River Basin 
States (Basin States) that receive Colorado River water over the next 50 years, and to develop 
and analyze adaptation and mitigation strategies to resolve those imbalances. One of the potential 
influences that is explored is impact to water supply and demand related to changes in climate 
and meteorological inputs to the Basin. This appendix compares the approaches to and results of 
adjusting demands and losses to reflect projected changes in future climate. The potential effects 
of climate change on future water supply are described in Technical Report B – Water Supply 
Assessment. 

2.0 Background 
This section summarizes relevant previous work that evaluated the effect of climate change on 
potential evapotranspiration (PET), compares methods for estimating PET, and describes how 
results may differ among the methods examined.  

As summarized in Bormann (2011), approaches used to compute PET include those based on 
aerodynamic concepts, temperature-based approaches, radiation-based approaches, and 
combination equations, including resistance-type approaches. In general, the methods can be 
divided into empirical and physically based methods. Empirical methods (for example, Blaney-
Criddle method [Stephens and Stewart, circa 1960]) relate complex evaporation and transpiration 
processes into an equation based on crop type and temperature. Physically based methods (for 
example, Penman-Monteith method [Monteith, 1965]) calculate PET based on a more explicit 
physical process, but are data-intensive as well as data-sensitive. PET estimates can vary widely 
among the various methods, but the Penman-Monteith method has been shown to estimate actual 
PET most accurately when compared to lysimeter and field studies (American Society of Civil 
Engineers [ASCE], 2005; Jensen et al., 1990; and Hill et al., 1983).  

Researchers suggest that different PET methods produce different results under similar climate 
change assumptions (McKenney and Rosenberg, 1993; Kingston et al., 2009; Bormann, 2011). 
For example, Kingston et al. (2009) investigated the global response of six different PET 
methods: 1) Penman-Monteith, 2) Hamon, 3) Hargreaves, 4) Priestley-Taylor, 5) Blaney-Criddle, 
and 6) Jensen-Haise, to a 2-degree Celsius rise in global mean temperature. They observed that 
all PET methods applied in the study indicate increases in PET due to assumed climate warming; 
however, the methods’ resultant estimates of PET change varied by more than 100 percent.  

Another study by Yates and Strzepek (1994) compared results of different PET methods for four 
river basins: the Blue Nile River basin of Africa; the Vistula River basin in Poland; the East 
River, a tributary of the Colorado River in the United States; and the Mulberry River, a tributary 
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of the Arkansas River in the United States. PET methods evaluated included physically based 
(Penman-Monteith, Priestly-Taylor) and empirical (Hargreaves, Thonthwaite, Blaney-Criddle) 
methods. On average, these methods resulted in about a 3 to 8 percent increase in PET per 
degree Celsius warming. The authors found that the Penman-based methods are on average the 
least sensitive to warming, but have the greatest amount of variability. In contrast, they observe a 
range of variability, but with less climate sensitivity in the empirical methods (Hargreaves, 
Thonthwaite, and Blaney-Criddle). Although different results are found under the same climate 
scenarios for a given basin, the authors argue that it is difficult to draw definitive conclusions 
between the empirical and physical methods because different climatological regions show 
different trends.  

2.1 PET Methods Used Historically in Reclamation Colorado River Studies 
Reclamation has historically used an empirically based approach, the Blaney-Criddle or modified 
Blaney-Criddle method, for calculating consumptive uses and losses in the Basin.  To estimate 
streamflow changes under future projected climate, Reclamation uses the Variable Infiltration 
Capacity (VIC) hydrologic model to calculate runoff in the Basin. The VIC model incorporates 
the Penman-Monteith method for estimating potential and actual evapotranspiration in runoff 
calculations. The VIC hydrologic modeling was used to support the water supply analysis for the 
Study (see Technical Report B – Water Supply Assessment).  

3.0 Selection of PET Method for Application to 
Basin Demands 

This section summarizes the process used to select an appropriate PET method for application to 
Basin demands in the Study. Parameter and demand estimates were provided by the Basin States 
and were generally derived from the states’ planning processes, or in some cases, planning of 
individual water agencies, such as the Southern Nevada Water Authority and Metropolitan Water 
District of Southern California. The Basin States have developed their demands through 2060 
without consideration of future climate change. However, it was assumed that demands through 
2010 reflect the effects of climate change through 2010. This appendix presents an approach to 
scale these demands for future climate realizations that are developed as a part of the Study.  

This section first provides a comparison of VIC-simulated PET to observed PET at selected 
locations, then compares the PET sensitivity to warming considering Penman-Monteith methods 
(embedded in VIC and in an external program) and three other PET methods (Blaney-Criddle, 
Hargreaves, and Priestley-Taylor, and last describes the selected method for incorporating the 
effects of climate change on agricultural demand, outdoor urban demand, phreatophyte use, and 
reservoir evaporation.  

3.1 Evaluations of VIC-simulated PET to Observed PET 
To compare VIC-simulated PET with measured station data, historical observed meteorology for 
one location was simulated using the VIC model. Figure C15-1 compares PET measured at the 
California Irrigation Management Information System (CIMIS) station and VIC-simulated PET 
under historical observed meteorology (Maurer et al., 2002). CIMIS PET data are taken from a 
station at Calipatria/Mulberry (CIMIS station #41) in the Imperial Valley, California (black color 
curve in figure C15-1). The VIC-simulated PET values are taken from the nearest VIC grid cell 
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(blue color curve in figure C15-1). The PET values have been averaged for the period 1984 to 
1999, which represents the historical overlapping period.  

FIGURE C15-1 
Comparison of Observed PET and Simulated PET for the Calipatria/Mulberry 
Station (CIMIS station #41) in California’s Imperial Valley 

 
The results indicate a reasonable comparison for most of the year, but an overestimation by the 
VIC model in the summer months. However, the comparison may have some discrepancies due 
to the following: (1) the CIMIS PET calculation is based on the CIMIS Penman-Monteith 
equation (a modified version) but the PET implementation in VIC is based on Penman-Monteith; 
(2) the CIMIS PET data represent the PET for a specific location, but VIC values are 
representative for a grid cell with an area of approximately 144 square kilometers, such that site-
specific conditions are averaged; and (3) there could be potential differences between the 
historical meteorology data applied in the VIC simulations and the measured meteorology at the 
CIMIS station. Detailed validation or recalibration for site-specific conditions has not been 
conducted in the Study. 

3.2 Comparison of VIC-simulated PET Changes under Climate Warming to 
Other Methods 

To investigate the difference in PET change due to PET calculation methodology, PET was 
calculated using five different methods for a 1-degree Celsius increase in daily average warming. 
VIC-simulated PET was compared to four other PET calculation methods implemented in an 
external program, REF-ET (Reference Evapotranspiration Calculator, Version – Windows 3.1, 
July 2011, available at http://www.kimberly.uidaho.edu/ref-et/). The REF-ET program is 
considered one of the most robust applications for PET estimation. For the purpose of comparison, 
the reference crop was fixed to short grass for all applicable methods. The five PET methods are 
presented in tables C15-1 and C15-2. Table C15-1 provides the method, reference, and type, 
ranging from temperature-based to energy and aerodynamic processes. Table C15-2 shows the 
general data requirements for the selected PET methods.  

http://www.kimberly.uidaho.edu/ref-et/
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TABLE C15-1 
Approaches Used for Estimation of PET Sensitivity 

PET Method Reference Method Type 

VIC-ET Penman-
Monteith  

Penman-Monteith Implemented in VIC (Allen et al., 
1998; Liang et al., 1996 and 1994) 

Combinations of energy and 
aerodynamic process 

REF-ET Penman-
Monteith 

FAO56 Penman-Monteith for 0.12 m grass ET with rs = 
70 s/m (Allen et al., 1998)1 

Energy-based  

REF-ET Blaney-
Criddle  

FAO-ID-24 Blaney-Criddle (Doorenbos and Pruitt, 1977)  Temperature-based  

REF-ET 
Hargreaves  

1985 Hargreaves (Hargreaves and Samani, 1985) Temperature-based  

REF ET Priestley-
Taylor  

Priestley-Taylor (Priestley and Taylor, 1972) Radiation-based  

1In 2005, ASCE and the Irrigation Association formally adopted a new standard for reference PET estimation based on a 
parameterization of the Penman-Monteith equation (ASCE, 2005), called the ASCE Standardized Penman-Monteith equation. 
ASCE Penman-Monteith Standardized Form is identical to the FAO56 Penman-Monteith for a grass reference. 
 
TABLE C15-2 
Data Requirements for the Selected Formulae for PET, Modified from McKenney and Rosenberg (1993) 

PET Method Temperature 

Solar 
Radiation/Net 

Radiation Humidity 
Wind 

Speed 
Latitude/ 

day-length 

Plant 
Physiological 

Characteristics 

VIC-ET Penman-
Monteith  

X X X X  X 

REF-ET Penman-
Monteith 

X X X X  X 

REF-ET Blaney-
Criddle  

X    X  

REF-ET Hargreaves  X  X  X  

REF ET  
Priestley-Taylor  

X X     

 
Tables C15-3 and C15-4 show the results comparing the temperature sensitivity of PET using 
PET computed from VIC and PET computed using the four different methods noted in 
table C15-1 and implemented in REF-ET under a 1-degree Celsius warming in daily average 
temperature. The locations included in tables C15-3 and C15-4 represent selected VIC model 
grid cells for each state planning area within the Study Area.  

Figures C15-2 and C15-3 show the selected VIC grid locations for each of the planning areas. 
The agricultural grid cells were selected based on the following: density of agricultural lands, 
location of long-term evapotranspiration measurement stations, and location outside of federally 
managed lands (figure C15-2). For municipal and industrial (M&I) demands, the grid cells were 
selected to be near the city with highest population or approximately in the center of urban 
clusters (figure C15-3).  
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FIGURE C15-2  
Selected VIC Grid Cells for Agricultural Regions for Each of the Planning Areas (dotted area represents irrigated land) 

 
Temperature sensitivity of PET (change in PET per degree of warming), presented in tables 
C15-3 and C15-4, was computed over the period 1950 to 1999. Daily gridded meteorological 
observations of maximum daily temperature, minimum temperature, and wind speed were 
obtained from the Surface Water Modeling Group at the University of Washington 
(http://www.hydro.washington.edu; Maurer et al., 2002). In the REF-ET program, maximum, 
minimum and average daily temperatures, average daily wind speed, net radiation, relative 
humidity, and vapor pressure were supplied as input. Net radiation, relative humidity, and vapor 
pressure are estimated in VIC based on daily maximum temperature, minimum temperature, and 
temperature range based on empirical relationships (Maurer et al., 2002). 

REF-ET computes average daily dew point and daily solar radiation using empirical equations. 
Standard values for grass height and surface resistances are used in the REF-ET (grass reference 
height is 0.12 meter [m] and grass surface resistance for the above grass height is 70 seconds per 
meter [s/m]). 
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FIGURE C15-3 
Selected VIC Grid Cells for Urban Regions for Each of the Planning Areas 
Circles represent population centers. 

 
As can be seen in tables C15-3 and C15-4, there is considerable spatial variation in PET 
sensitivity across the Study Area. The average PET sensitivity computed from the locations 
considered for agricultural locations are 2.2, 2.5, 5.7, 3.3, and 2.0 percent using the methods 
VIC-ET Penman-Monteith, REF-ET Penman-Monteith, REF-ET Blaney-Criddle, REF-ET 
Hargreaves, and REF ET Priestley-Taylor, respectively. The values computed by these methods 
for the locations considered for urban regions are 2.2, 2.4, 5.4, 3.2, and 1.7 percent, respectively. 
The VIC-simulated PET suggests a lower sensitivity than that reported under the Blaney-Criddle 
estimates (Reclamation, 2011) (see also tables C15-3 and C15-4). However, the VIC- simulated 
PET compares reasonably well to PET simulated under the REF-ET program using the Penman-
Monteith method. At high elevations (generally above 1,800 m), the VIC-simulated PET shows 
lesser sensitivity (figure C15-4) than other methods. Specifically, the PET sensitivity computed 
using the VIC model shows slightly higher sensitivity at the lower elevations (arid locations), but 
lower sensitivity at the higher elevations (energy-limited locations) compared to the REF-ET 
implemented Penman-Monteith application. Because both models use the standard 
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Penman-Monteith equation, it appears that the differences in PET sensitivity are due to 
parameterization of meteorological inputs.  

 
TABLE C15-3  
PET Method Sensitivity for Agricultural Demands 
PET Sensitivity due to 1-degree Celsius warming computed using VIC and four different PET methods implemented in the REF-
ET program for the locations considered to adjust agricultural demands. 

State Planning Area Latitude Longitude1 
Elevation 

(m) 

PET Sensitivity (%) 

VIC 
PM 

REF-
ET 
PM 

REF-
ET 
BC 

REF-
ET 

Harg 

REF 
ET 

Prs-
Tylr 

CO Colorado River-
Cisco UT 39.1875 -108.8125 1451 2.2 2.4 5.6 3.3 2.0 

CO Dolores River-
Cisco 38.1875 -108.3125 2117 2.0 3.0 6.8 3.7 2.9 

CO San Juan-Bluff 37.4375 -108.6875 1988 1.9 2.9 6.0 3.4 2.8 

CO White River-
Watson 39.8125 -108.3125 2051 2.0 3.3 7.7 3.9 3.4 

CO Yampa Maybell 40.4375 -106.9375 2145 1.8 3.8 8.8 4.1 4.5 

CO Gunnison River-
Grand Junction 38.6875 -108.0625 1576 2.2 2.3 5.5 3.3 2.2 

CO South Platte 39.6875 -105.0625 1655 2.6 2.7 5.5 3.3 2.0 

CO Arkansas 38.3125 -104.6875 1505 2.8 2.5 5.1 3.2 1.5 

NM San Juan 36.8125 -108.1875 1736 2.2 2.3 5.3 3.3 1.7 

NM Adjacent Areas 35.0625 -106.5625 1633 2.5 2.2 4.6 3.0 1.3 

NM Southwest 32.9375 -108.5625 1455 2.4 2.2 4.6 3.1 1.4 

NM Northwest 35.0625 -108.5625 2157 2.2 2.6 6.1 3.6 2.2 

UT Southeast 
Colorado River 37.8125 -109.3125 2064 1.9 3.0 6.5 3.6 2.9 

UT West Colorado 
River 39.0625 -111.0625 1801 2.4 2.5 5.9 3.4 1.8 

UT Kanab Creek-Virgin 
River 37.1875 -113.5625 1185 2.0 1.9 4.4 2.9 1.2 

UT Uintah Basin 40.3125 -110.0625 1636 2.4 2.4 6.3 3.5 1.7 

UT Wasatch Front 40.6875 -112.0625 1398 2.0 2.5 5.4 3.2 2.1 

WY Green River to 
Greendale 41.3125 -110.4375 2125 2.3 3.2 7.8 3.9 3.0 

WY Wyoming Uses on 
the Little Snake 41.1875 -107.5625 2104 2.3 3.3 8.1 3.9 3.0 

WY Green River above 
Fontenelle 42.9375 -109.9375 2255 2.6 3.7 10.8 4.4 3.8 

WY Fontenelle to 
Green River 42.0625 -109.4375 2013 2.7 3.0 8.7 4.0 2.4 

WY North Platte 41.1875 -106.4375 2535 1.7 4.3 10.3 4.4 5.1 
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State Planning Area Latitude Longitude1 
Elevation 

(m) 

PET Sensitivity (%) 

VIC 
PM 

REF-
ET 
PM 

REF-
ET 
BC 

REF-
ET 

Harg 

REF 
ET 

Prs-
Tylr 

AZ Central Arizona 33.5625 -112.4375 372 2.0 1.6 3.4 2.5 0.7 

AZ Mainstem 32.6875 -114.6875 45 2.1 1.6 3.2 2.5 0.6 

AZ Central Yavapai 
Highlands 34.8125 -112.4375 1410 2.1 2.1 4.8 3.1 1.5 

AZ Upper San Pedro 
River 31.5625 -110.1875 1291 2.2 1.8 3.9 2.8 1.1 

AZ North Central 35.6875 -112.0625 1921 1.8 2.6 5.6 3.3 2.4 

CA IID 33.0625 -115.4375 -32 2.0 1.6 3.0 2.4 0.6 

CA CVWD 33.8125 -116.4375 149 2.1 1.6 3.2 2.5 0.6 

CA MWD 34.1875 -118.4375 241 2.8 2.2 3.9 2.8 1.0 

CA Mainstem 33.1875 -114.8125 270 2.0 1.6 3.3 2.5 0.6 

CA PVID 33.5625 -114.6875 90 2.0 1.5 3.2 2.4 0.6 

NV SNWA 36.1875 -115.1875 655 2.1 1.7 3.7 2.6 0.7 

NV Other 35.1875 -114.6875 744 2.1 1.7 3.7 2.6 0.7 

 

Average 2.2 2.5 5.6 3.2 1.9 

Max 2.8 4.3 10.8 4.4 5.1 

Min 1.7 1.5 3.0 2.4 0.6 
1 Longitude values are negative west of the prime meridian. 

PM – Penman-Monteith 
BC – Blaney-Criddle 
Harg – Hargreaves 
Prs-Tylr – Priestley-Taylor 

 
 
The Blaney-Criddle method produced the highest PET sensitivity to climate warming (greatest 
increase in PET per degree of warming) compared to the other methods. The Penman-Monteith 
method is a physically based method and is more likely to capture the dynamic responses of PET 
under meteorological changes. It was found that the Penman-Monteith method produced changes 
in PET of approximately 2 to 3 percent per degree Celsius warming. This sensitivity was greater 
than that estimated under the Priestly-Taylor method and less than that under the Hargreaves 
method, but results were generally within 1 percentage point of these two methods. Conversely, 
the Blaney-Criddle method, when simulated under identical meteorological conditions, suggests 
a change of almost double that in the other methods.  
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TABLE C15-4  
PET Method Sensitivity for Urban Demands 
PET sensitivity due to 1-degree Celsius Warming Computed using VIC and four different PET methods implemented in the REF-
ET Program for the locations considered to adjust urban demands. 

State Planning Area Latitude Longitude1 
Elevation 

(m)  

PET Sensitivity (%) 

VIC 
PM 

REF-
ET 
PM 

REF-
ET 
BC 

REF-
ET 

Harg 

REF 
ET 

Prs-
Tylr 

CO Colorado River-
Cisco UT 39.0625 -108.5625 1449 2.2 2.2 5.2 3.1 1.6 

CO Dolores River-
Cisco 38.6875 -108.9375 1760 2.1 2.5 5.8 3.4 2.1 

CO San Juan-Bluff 37.3125 -107.8125 2303 1.5 3.3 7.2 3.8 3.4 

CO White River-
Watson 40.0625 -107.9375 2025 2.0 3.2 7.3 3.8 3.2 

CO Yampa Maybell 40.4375 -107.0625 2121 1.7 3.6 8.3 4.0 3.9 

CO Gunnison River-
Grand Junction 38.4375 -107.8125 1898 2.2 2.6 6.1 3.5 2.2 

CO South Platte 39.6875 -104.8125 1692 2.6 2.7 5.6 3.3 1.9 

CO Arkansas 38.8125 -104.8125 1879 2.9 2.8 5.9 3.5 2.0 

NM San Juan 36.8125 -108.1875 1736 2.2 2.3 5.3 3.3 1.7 

NM Adjacent Areas 35.0625 -106.6875 1532 2.5 2.2 4.5 3.0 1.2 

NM Southwest 32.9375 -108.8125 1856 2.5 2.4 5.4 3.4 1.7 

NM Northwest 34.9375 -108.8125 2138 2.3 2.6 6.1 3.5 2.2 

UT Southeast 
Colorado River 38.5625 -109.5625 1385 2.1 2.1 5.0 3.1 1.4 

UT West Colorado 
River 39.5625 -110.8125 1717 2.2 2.5 5.7 3.3 2.0 

UT Kanab Creek-
Virgin River 37.1875 -113.4375 1074 2.0 1.9 4.3 2.9 1.1 

UT Uintah Basin 40.4375 -109.5625 1703 2.4 2.6 6.7 3.6 2.0 

UT Wasatch Front 40.6875 -112.0625 1398 2.0 2.5 5.4 3.2 2.1 

WY Green River to 
Greendale 41.5625 -109.1875 1996 2.4 2.9 7.2 3.7 2.5 

WY 
Wyoming Uses 
on the Little 
Snake 

41.3125 -107.6875 2026 2.5 3.0 7.7 3.8 2.7 

WY Green River 
above Fontenelle 42.6875 -109.6875 2165 2.6 3.5 10.1 4.3 3.3 

WY Fontenelle to 
Green River 41.9375 -109.4375 2049 2.6 3.0 8.3 4.0 2.4 

WY North Platte 41.1875 -104.8125 1879 2.9 2.9 6.6 3.6 2.1 

AZ Central Arizona 33.5625 -112.0625 415 2.1 1.6 3.4 2.5 0.8 
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State Planning Area Latitude Longitude1 
Elevation 

(m)  

PET Sensitivity (%) 

VIC 
PM 

REF-
ET 
PM 

REF-
ET 
BC 

REF-
ET 

Harg 

REF 
ET 

Prs-
Tylr 

AZ Mainstem 32.6875 -114.5625 55 2.0 1.6 3.2 2.4 0.6 

AZ Central Yavapai 
Highlands 34.6875 -111.9375 1048 2.0 1.8 4.1 2.8 1.1 

AZ Upper San Pedro 
River 31.5625 -110.3125 1435 2.2 1.9 4.2 2.9 1.2 

AZ North Central 35.1875 -111.4375 1966 2.0 2.6 6.2 3.5 2.3 

CA IID 32.8125 -115.5625 -17 2.1 1.7 3.2 2.5 0.6 

CA CVWD 33.6875 -116.1875 -2 2.1 1.6 3.1 2.4 0.5 

CA MWD 34.0625 -118.3125 100 2.9 2.4 3.9 2.8 1.1 

CA Mainstem 32.9375 -114.8125 244 2.1 1.6 3.3 2.5 0.6 

CA PVID 33.5625 -114.6875 90 2.0 1.5 3.2 2.4 0.6 

NV SNWA 36.1875 -115.0625 566 2.1 1.7 3.6 2.6 0.6 

NV Other 35.1875 -114.6875 744 2.1 1.7 3.7 2.6 0.7 

 

Average 2.2 2.4 5.4 3.2 1.7 

Max 2.9 3.6 10.1 4.3 3.9 

Min 1.5 1.5 3.1 2.4 0.5 
1 Longitude values are negative west of the prime meridian. 

PM – Penman-Monteith 
BC – Blaney-Criddle 
Harg – Hargreaves 
Prs-Tylr – Priestley-Taylor 

 

3.3 Selection of PET Method for Estimating Change in Demand 
Based on these analyses and in order to be consistent between the calculations used to estimate 
supply changes under future climate conditions, the Penman-Monteith method, as implemented 
in the VIC model, was proposed for estimating potential change in demands due to climate 
change. However, because VIC Penman-Monteith appears to potentially underestimate the 
response of warming to PET change at high elevations (approximately above 1,800 m), the REF-
ET Penman-Monteith sensitivity factors were used to adjust demands for these areas.  
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FIGURE C15-4 
PET Method Sensitivity by Elevation and Temperature 
PET change in response to a change in temperature as predicted by Penman-Monteith method implemented in VIC and four 
different PET methods implemented in the REF-ET program for computing PET. PET changes computed over the grid locations 
presented in tables C15-3 and C15-4 are plotted against corresponding average location elevations. Different methods are 
represented by different symbols in the plot.  

 

4.0 Method of Incorporating Effects of Climate Change on 
Demands, Phreatophyte Losses, and Reservoir 
Evaporation 

In order to incorporate the effects of climate change on demands included in the Study, a method 
has been developed to adjust the agricultural and outdoor M&I demands. As discussed 
previously, the water demands for each of the scenarios have been developed without 
consideration of future climate change. However, it is assumed that demands provided by the 
states for this Study reflect the effects of changes in climate through 2010. 

The method applied in the Study consists of indexing the agricultural and outdoor M&I demands 
to changes in PET associated with the particular climate projection included in the Downscaled 
GCM Projected water supply scenario. No direct changes are made to the demand scenarios; 
however, these demands are indexed by each future climate realization based on projections of 
PET and precipitation (P) (as described below). This methodology is applied for all agricultural 
and outdoor M&I demands in the Study Area. A similar method is applied for phreatophyte 
losses and reservoir evaporation.  

The climatic factors are computed for two representative VIC grid coordinates for each planning 
area, as shown in figures C15-2 and C15-3; one grid cell is used to adjust agricultural demands 
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and the second grid cell is used to adjust outdoor M&I demands. The climatic factor used to 
adjust the agricultural demand is also used to adjust phreatophyte losses in the Lower Basin. In 
addition, a set of VIC grid cells are identified where climatic factors are estimated to adjust 
reservoir evaporation rates in response to potential climate change.  

The climatic factors are computed for the period 1985 to 2060.  Because changes in climate 
through the year 2010 are assumed to be included in the agricultural and M&I demands provided 
by the Basin States, the 1985 to 2060 factors are “anchored” or normalized to one in 2010, and 
the resultant factors for the period 2010 to 2060 are used to modify the demand scenarios. For 
other losses, such as phreatophytes, which do not have climate change built into projected 
demands, the 1985 to 2060 factors are applied directly, without anchoring.  

4.1 Method to Compute Climate Indexing Factor to Adjust Agricultural, Outdoor 
Urban Demands and Phreatophyte Losses 

The method consists of the following steps: 

1. Extract the monthly PET and P for each VIC simulation as driven by the downscaled 
climate model simulations. The VIC simulations cover the time period 1950 to 2099, 
with 1950 to 2000 representing historical climate and 2001 to 2099 representing 
projected climate.  

2. Adjust the VIC-simulated PET for grid cells above 1,800 m based on the simulated REF-
ET Penman-Monteith values.  

3. Compute PET minus P for each month. If PET is greater than P, then this value is an 
indicator of the irrigation demand. If this value is less than zero, set the (PET-P) equal to 
zero for that month. 

4. Compute the annual sum of the monthly (PET-P) values.  

5. Compute a 31-year moving average of annual (PET-P) values, with the averaging 
window centered on the year of calculation. For example, the 1985 value represents the 
average of 1970 to 2000. The moving average is employed to minimize short-term 
fluctuations in simulated climate.  

6. Develop “raw” factors to adjust agricultural, outdoor urban demands, and phreatophyte 
losses. For each year, for the period 1985 to 2060, the 31-year moving average annual 
(PET-P) is divided by the (PET-P) annual value averaged over the 1970 to 2000 historical 
climatological period. Using this approach, the raw factors are exactly 1 in 1985 for all 
climate projections.  

7. For agricultural and outdoor M&I demands provided by the Basin States, adjust the raw 
factor by “anchoring” to 2010 to account for the assumption that changes in climate 
through 2010 have been incorporated. Projected losses, such as phreatophytes, do not 
have climate change through 2010 already built in; accordingly, the raw factors from 
number 6 above are multiplied directly by projected phreatophyte demands to calculate 
climate-affected phreatophyte demands.  

8. Steps 1 to 7 are repeated for each of the selected VIC grid cells. Note that step 2 is only 
performed for the VIC grid cells located at high elevation (approximately above 
1,800 m).  
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4.2 Method to Compute Climate Indexing Factor to Adjust Reservoir Evaporation 
The climate indexing factor to adjust reservoir evaporation loss is calculated with the same 
methods described to compute the climate indexing factor to adjust agricultural, outdoor M&I 
demands and phreatophyte losses. However, in this case, the following four changes are applied. 

1. PET is considered from VIC-simulated open water surface (evaporation only). 

2. No adjustments are made to the VIC-simulated open water surface evaporation for high 
elevations because it is not known whether the VIC high-elevation underestimation is 
also present in the calculation of open water surface evaporation.  

3. The net evaporation term (PET-P) was not set to equal zero, if (PET-P) <0, to reflect the 
potential for precipitation to produce negative net evaporation in some months/years.  

4. Raw factors are applied (i.e., no anchoring).  

VIC grid coordinates, depicted in figure C15-5, were selected for the reservoirs considered in the 
Colorado River Simulation System (CRSS) to compute climate indexing factors to adjust 
reservoirs evaporation losses. 

FIGURE C15-5  
Selected VIC Grid Cells to Adjust Reservoirs Evaporation Losses 
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4.3 Summary Results of VIC Model Methods 
Figure C15-6 illustrates the raw (left, 1985 to 2060) and “anchored” (right, 2010 to 2060) 
(PET-P) factors for one agricultural location (Imperial Irrigation District, California). Thinner 
curves represent the (PET-P) fractions simulated by VIC as driven by 112 downscaled climate 
projections. Thicker curves represent the 10th, 50th, and 90th percentiles computed from 112 
simulations. Results exhibit considerable variability in the projections. The median of the 
projections at this location indicates an increase in annual PET of about 1.2 percent in 2035 and 
about 3.1 percent by 2060, from 2010. The median across all projections and all agricultural 
locations indicates an increase in annual PET of 1.5 percent in 2035 and 3.7 percent in 2060.  

Figure C15-7 shows the raw (left, 1985 to 2060) and “anchored” (right, 2010 to 2060) (PET-P) 
factors for one M&I location (Central Arizona). The median of the projections indicates an 
increase in demands at this location of about 1.8 percent in 2035 and almost 4.9 percent by 2060. 
The median across all projections and all M&I locations indicates an increase in demands of 
about 1.4 percent in 2035 and about 3.6 percent by 2060. 
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FIGURE C15-6 
Climate Indexing for Agricultural Demands 
Raw (left, anchoring change to mid-point of 1971–2000) and anchored (right, anchoring change to 2010) climate indexing factor for agricultural demands in the Imperial Valley 
based on 112 climate projections (thick red lines represent the 10th, 50th, and 90th percentile of the projections). 
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FIGURE C15-7 
Climate Indexing for Urban Demands 
Raw (left, anchoring change to mid-point of 1971–2000) and anchored (right, anchoring change to 2010) climate indexing factor for a representative location in central Arizona to 
adjust outdoor urban demands based on 112 climate projections (thick red lines represent the 10th, 50th, and 90th percentile of the projections). 
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Figure C15-8 shows the (PET-P) fraction for the period 1985 to 2060 for a grid cell near Lake 
Mead, displaying a representative fraction used to adjust reservoir evaporation. Thinner curves 
represent the (PET-P) fractions simulated by VIC as driven by 112 downscaled climate model 
projections. Thicker curves represent the 10th, 50th, and 90th percentiles computed from 
112 simulations. The median of the projections indicates an increase in net evaporation loss of 
about 1.3 percent in 2035 and almost 3 percent by 2060.  

 
FIGURE C15-8 
Climate Indexing for Reservoir Evaporation 
Climate indexing factor (raw; these were not adjusted) used to adjust reservoir evaporation in Lake Mead based on 112 climate 
projections (thick red lines represent the 10th, 50th, and 90th percentile of the projections). 

  
Figure C15-9 presents the monthly shifts in PET under various future climate periods. VIC-
simulated PET values are taken from a VIC grid cell near the CIMIS station at Calipatria/ 
Mulberry (CIMIS station #41) in the Imperial Valley. The results show an increase in PET under 
each projected future climate with respect to the model-simulated historical period. The figure 
also shows a marked increase in PET for January through August. Very little increase is 
projected during September through December. 
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FIGURE C15-9 
Monthly Changes in Simulated PET  
Under three future conditions compared to historical climate. 

 
Figures C15-10 and C15-11 present the raw (1971 to 2000) and anchored (2010) mean percent 
change in the climate indexing factor to adjust agricultural and outdoor M&I demands, 
respectively. There are some spatial variations in the climate indexing factor throughout the 
planning areas. The variability is controlled by projected changes in meteorological variables 
across the planning areas. The mean across all agricultural locations indicates an increase of 
about 4.2 percent, with a change ranging between about 1.8 percent and about 6.2 percent by 
2060 for agricultural demands. For outdoor M&I demands, the mean across all M&I locations 
indicates an increase of about 4.1 percent, with an increase ranging between about 2 percent and 
8 percent by 2060. Consideration of precipitation in the scaling factor calculations contributes to 
changes in the scaling factor. For some planning areas, precipitation changes reduce the net 
evapotranspiration demand due to projected wetter conditions during the irrigation season, while 
projected reduced precipitation during the irrigation season exacerbates the increases in PET.  

Figures C15-12 and C15-13 present the spatial distributions of the mean percent change in the 
climate indexing factor to adjust agricultural and outdoor M&I demands over the planning areas, 
respectively. The size of the circle reflects the relative projected change in demand. 

 

J F M A M J J A S O N D
50

100

150

200

250

300

M
on

th
ly

 P
E

T 
(m

m
)

 

 
1971-2000
2011-2040
2041-2070
2066-2095



                                             Appendix C15 — Climate Change Effects on 
                                                                        Water Demand and Losses 

December 2012 C15-19 

FIGURE C15-10 
Mean Climate Indexing Factor for Agricultural Demands Adjustment 
Mean projected percent change in adjusted climate indexing factor by 2060 to adjust agricultural demands, raw (left, anchoring change to mid-point of 1971–2000) and anchored 
(right, anchoring change to 2010). Values are averaged from 112 climate simulations (red portion of the bar shows the demand change contribution from warming; the blue portion 
shows the contribution due to precipitation change; and the dashed bar reflects the net change). 
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FIGURE C15-11 
Mean Climate Indexing Factor for Urban Demands Adjustment 
Mean projected percent change in adjusted climate indexing factor by 2060 to adjust outdoor M&I demands, raw (left, anchoring change to mid-point of 1971–2000) and anchored 
(right, anchoring change to 2010). Values are averaged from 112 climate simulations (red portion of the bar shows the demand change contribution from warming; the blue portion 
shows the contribution due to precipitation change; and the dashed bar reflects the net change). 
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FIGURE C15-12 
Change in Mean Adjusted Climate Factor for Agricultural Demand 
Spatial distribution of mean projected percent change in adjusted climate indexing factor by 2060 to adjust agricultural demands, raw (left, anchoring change to mid-point of  
1971–2000) and anchored (right, anchoring change to 2010).  Values are averaged from 112 climate simulations.  
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FIGURE C15-13 
Change in Mean Adjusted Climate Factor for Urban Demand 
Spatial distribution of mean projected percent change in adjusted climate indexing factor by 2060 to adjust agricultural demands, raw (left, anchoring change to mid-point of  
1971–2000) and anchored (right, anchoring change to 2010).  Values are averaged from 112 climate simulations.  
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Figure C15-14 represents the mean percent change in climate indexing factor to adjust 
reservoir evaporation losses by 2060. The mean increase is projected to vary between about 
1 percent to 4.5 percent, with an average of a little over 3 percent.  

FIGURE C15-14 
Mean Climate Indexing Factor for Reservoir Evaporation Adjustment 
Mean projected percent change in climate indexing factor by 2060 to adjust reservoir evaporation loss. Values are averaged 
from 112 climate simulations (red portion of the bar shows the demand change contribution from warming, the blue portion 
shows the contribution due to precipitation change, and the dashed bar reflects the net change). 
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5.0 Summary and Limitations 
Comparisons of VIC-simulated PET with station measurements of PET indicate general 
agreement, but discrepancies during summer months are likely due to scale and local 
meteorology differences. Warming exhibits an increase in PET and VIC-simulated PET 
shows increases on the order of 2 percent per degree Celsius of warming. The VIC 
simulations appear to underestimate PET changes at higher elevations (greater than about 
1,800 m) compared to the Penman-Monteith method implemented in the REF-ET program. 
The Blaney-Criddle method shows sensitivity almost double that of the sensitivities 
suggested by the Penman-Monteith, Hargreaves, and Priestley-Taylor methods, leading to the 
preference for application of the Penman-Monteith in the Study. Given that VIC Penman-
Monteith underestimates the response of warming to PET change at high elevations 
(approximately above 1,800 m), the ratios of REF-ET Penman-Monteith sensitivity divided 
by the VIC Penman-Monteith sensitivity are applied to adjust the annual projected change in 
PET as driven by the downscaled climate model simulations at high elevations. 

PET estimated by the Penman-Monteith method embedded in VIC was used to construct the 
climate indexing factor. One of the future water supply scenarios is developed using the VIC 
simulations as driven by the same downscaled climate projections. These future water supply 
and water demand scenarios will be used in the CRSS to indicate the ability of the Colorado 
River to meet the needs of Basin resources under multiple future conditions. Overall, the 
approach described in this appendix provides an internally consistent methodology for 
including the potential effects of climate change on agricultural, outdoor urban demands, 
phreatophyte losses, and reservoir evaporation rates.  

5.1 Limitations 
The Penman-Monteith method is a function of climatic variables, including temperature, 
solar radiation, relative humidity, wind speed, and vegetation physiological characteristics. 
Due to unavailability of downscaled climate information for use in VIC for relative humidity, 
solar radiation, and wind speed, humidity and downward solar and longwave radiation were 
estimated using the algorithms of Kimball et al. (1997) and Thornton and Running (1999), 
which are based on the daily temperature range and daily average temperature, respectively. 
The Penman-Monteith method is sensitive to radiation inputs; however, due to the lack of 
observed data, particularly at the high elevation, no attempt was made to adjust the results for 
changes in radiation. Wind speed for the future climate was produced using resampling of the 
historical wind speed data taken from Maurer et al. (2002). Researchers have found that 
higher carbon dioxide concentrations cause partial stomatal closure in some crops, which 
decreases transpiration (for example, Ramirez and Finnerty, 1996). The PET implementation 
in the VIC model does not include any direct effect of ambient carbon dioxide concentrations 
and may overstate the changes in PET due to this limitation.  
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Technical Report D — System Reliability 
Metrics 

1.0 Introduction 
The Colorado River Basin Water Supply and Demand Study (Study), initiated in January 2010, 
was conducted by the Bureau of Reclamation’s (Reclamation) Upper Colorado and Lower 
Colorado regions, and agencies representing the seven Colorado River Basin States (Basin 
States) in collaboration with stakeholders throughout the Colorado River Basin (Basin). The 
purpose of the Study is to define current and future imbalances in water supply and demand in 
the Basin and the adjacent areas of the Basin States that receive Colorado River water over the 
next 50 years (through 2060), and to develop and analyze adaptation and mitigation strategies to 
resolve those imbalances. The Study contains for major phases to accomplish this goal: Water 
Supply Assessment, Water Demand Assessment, System Reliability Analysis, and Development 
and Evaluation of Options and Strategies for Balancing Supply and Demand. 

Spanning parts of the seven states of Arizona, California, Colorado, New Mexico, Nevada, Utah, 
and Wyoming, the Colorado River is one of the most critical sources of water in the western 
United States. The Colorado River is also a vital resource to the United Mexican States 
(Mexico). It is widely known that the Colorado River, based on the inflows observed over the 
last century, is over-allocated and supply and demand imbalances are likely to occur in the 
future. Up to this point, this imbalance has been managed, and demands have largely been met as 
a result of the considerable amount of reservoir storage capacity in the system, the fact that the 
Upper Basin States are still developing into their apportionments, and efforts the Basin States 
have made to reduce their demand for Colorado River water. 

Concerns regarding the reliability of the Colorado River system to meet future needs are even 
more apparent today. The Basin States include some of the fastest growing urban and industrial 
areas in the United States. At the same time, the effects of climate change and variability on the 
Basin water supply has been the focus of many scientific studies, which project a decline in the 
future yield of the Colorado River. Increasing demand, coupled with decreasing supplies, will 
certainly exacerbate imbalances throughout the Basin.  

It is against this backdrop that the Study was conducted to establish a common technical 
foundation from which important discussions can begin regarding possible strategies to reduce 
future supply and demand imbalances. The content of this report is a key component of that 
technical foundation and describes the system reliability metrics identified in the Study. System 
reliability metrics (metrics) are measures that indicate the ability of the Colorado River system to 
meet the needs of Basin resources1 under multiple future conditions. Metrics were used to 
measure (quantitatively or qualitatively) the potential impacts to Basin resources from current 
and future water supply and demand imbalances and to measure the effectiveness of options and 
strategies at resolving those imbalances. These results are described in Technical Report G – 
System Reliability Analysis and Evaluation of Options & Strategies. 

                                                 
1 Resources include water allocations and deliveries for municipal, industrial, and agricultural use; hydroelectric power generation; recreation; 

fish wildlife, and their habitats (including candidate, threatened, and endangered species); water quality including salinity; flow and water 
dependent ecological systems; and flood control. 
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This report describes the approach used to develop the system reliability metrics and the set of 
metrics resulting from implementing that approach. Initially published in June 2011 under 
Interim Report No. 1 and then updated and reissued in February 2012, this report replaces these 
two previously published versions. There were no substantial changes or additions to the metrics 
since February 2012, although several metrics were changed from using a quantitative to 
qualitative measurement as a result of data and tool limitations and time constraints.  

2.0 Approach for Metric Development 
Metrics were developed through a collaborative process involving representatives of numerous 
organizations, including the Reclamation, the Basin States, U.S. Fish and Wildlife Service 
(USFWS), National Park Service, Western Area Power Administration (Western), federally 
recognized tribes (tribes), conservation and recreation organizations, water delivery contractors, 
contractors for the purchase of federal power, and others interested in the Basin. A Metrics  
Sub-Team, composed of representatives from some of these organizations, was established to 
carry out the task of metric development. The Metrics Sub-Team coordinated with points of 
contact designated by the other organizations, who provided data, information, and expertise 
critical to metric development. 

The Metrics Sub-Team members and the points of contact from the other organizations are listed 
in appendix D1 of this report. 

The general approach used to develop the metrics is presented in figure D-1. As shown, metric 
development was a multi-step process, in which each metric presented in this report was fully 
defined by applying steps 1 through 7. In the subsequent sub-sections, the individual steps used 
to develop the metrics are described, and examples are provided to illustrate the development 
approach.  

2.1 Step 1 – Resource Categories 
As stated in the Plan of Study (see Study Report, Appendix 1 – Plan of Study): 

The Study will characterize current and future water supply and demand 
imbalances in the Basin and assess the risks to Basin resources. Resources include 
water allocations and deliveries consistent with the apportionments under the Law 
of the River; hydroelectric power generation; recreation; fish, wildlife, and their 
habitats (including candidate, threatened, and endangered species); water quality 
including salinity; flow and water-dependent ecological systems; and flood 
control.  

The following resource categories were developed to reflect these groups of identified resources: 

• Water Deliveries 
• Electrical Power Resources  
• Water Quality 
• Flood Control  
• Recreational Resources 
• Ecological Resources  
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FIGURE D-1 
Approach for Metric Development 
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Socioeconomic impacts were not considered an independent resource category in the Study. 
Instead, socioeconomic impacts resulting from water supply and demand imbalances were 
considered within the principal resource categories, as appropriate. 

2.2 Step 2 – Attribute of Interest 
An attribute is a specific property or trait that can be associated with a resource category. Several 
attributes were identified in each resource category that are informative when evaluating system 
reliability for that category. These attributes are presented in table D-1 by resource category. 

TABLE D-1 
Resource Categories and Attributes of Interest  

Resource Category Attribute of Interest 

Water Deliveries ● Consumptive Uses1 and Shortages2 
● Water Levels Related to Intake Facilities 
● Socioeconomic Impacts Related to Shortages 

Electrical Power Resources ● Electrical Power Generated 
● Economic Value of Electrical Power Generated 
● Available Generation Capacity 
● Impact on Power Rates 
● Water Supply System Pumping Costs 
● Impacts on Basin Funds  

Water Quality ● Salinity 
● Sediment Transport 
● Temperature 
● Other Water Quality Attributes 
● Socioeconomic Impacts Related to Salinity 

Flood Control ● Flood Control Releases and Reservoir Spills 
● Critical River Stages Related to Flooding Risk 

Recreational Resources ● Shoreline Public Use Facilities 
● River and Whitewater Boating 
● Other Recreational Attributes 
● Socioeconomic Impacts Related to Recreation 

Ecological Resources ● Threatened and Endangered Species 
● Aquatic and Riparian Habitats 
● Wildlife Refuges and Fish Hatcheries 

1 Consumptive use is water used, diminishing the available supply.  
2 Shortage is unmet demand.  
  Note that Demand is water needed to meet identified uses.  

2.3 Step 3 – Location of Interest 
Specific locations were selected where a metric would be evaluated, including several points 
along the Colorado River, its major tributaries, and at selected facilities such as mainstem 
reservoirs or power generation facilities. Although at this step any location within the Study Area 
(the hydrologic boundaries of the Colorado River Basin within the United States, plus the 
adjacent areas of the Basin States that receive Colorado River water) could have been selected, 
the spatial and temporal scales of available data (through simulation modeling and other sources) 
restricted the locations and/or the analysis that could be performed at a specific location.  
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The Colorado River Simulation System (CRSS) is the primary modeling tool that was used in the 
Study. It simulates the operation of the major Colorado River system reservoirs on a monthly 
time step and provides information regarding the projected future state of the system in terms of 
output variables. Outputs include the amount of water in storage, reservoir elevations, releases 
from the dams, the amount of water flowing at various points in the system, the total dissolved 
solids content, and diversions to and return flows from water users in the system. Twelve Upper 
Basin and Lower Basin reservoirs are modeled in CRSS: Fontenelle, Flaming Gorge, Starvation 
(a representation of several reservoirs within the Central Utah Project in western Utah), Taylor 
Park, Blue Mesa, Morrow Point, Crystal, Navajo, Powell, Mead, Mohave, and Havasu. 
Approximately 250 diversions and return flows are represented in CRSS. Natural flow is input to 
the model at 29 locations in the Basin (20 in the Upper Basin upstream of and including the Lees 
Ferry, Arizona gaging station, and nine below Lees Ferry, Arizona, including the Paria River and 
other inflow points in the Lower Basin).2 

2.4 Step 4 – Metric Types (Quantitative or Qualitative) 
Metrics were evaluated in either a quantitative or qualitative fashion. A metric was evaluated 
quantitatively if: a) direct evaluation was possible using output from CRSS or results from post-
processing of CRSS output data; or b) an indicator of the attribute of interest at the specified 
location could be developed, based on output from CRSS or post-processing of CRSS output 
data. 

If a particular attribute of interest could not be represented either directly in CRSS or through the 
development of an indicator, the potential performance of an attribute under various future 
scenarios was discussed qualitatively. Qualitative metrics bypass steps 5 and 6 and are 
documented in step 7.  

Qualitative discussion vary in detail depending on the level of information available. In some 
cases, quantitative model results were used to qualitatively assess the metrics using known 
system variables, e.g., reservoir elevations or streamflow. Although these metrics were evaluated 
in a qualitative manner in the Study, information developed in the Study may be used to guide 
quantitative assessments in future studies. 

2.5 Step 5 – Methods for Quantifying Metrics 
If a metric was identified as quantitative, a specific method for quantifying that metric was 
selected. Two methods for quantifying metrics were identified: 

1. Reference Value Method: In many cases, comparing the attribute of interest at a particular 
location to a reference value (that may also be specific to the location of interest) informed 
the assessment of system reliability. The method used to quantify the reference value then 
defined the method for quantifying the metric. Because the Study addressed a wide range of 
Basin resources, no single method for quantifying reference values was applicable to all 
metrics. Therefore, four different methods for quantifying reference values (and the 
subsequent metrics) were defined, as outlined below. 

                                                 
2 Natural flow represents the flow that would have occurred at the location had depletions and reservoir regulation not been present upstream of 

that location. However, CRSS uses historical inflows based on U.S. Geological Survey streamflow records as estimates of natural flows for the 
Paria, Little Colorado, Virgin and Bill Williams Rivers. In addition, the Gila River is not included in CRSS. See Technical Report C – Water 
Demand Assessment, Appendix C11 – Modeling of Lower Basin Tributaries in the Colorado River Simulation System, for more detail.  
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2. Relative Comparison Method: In some cases, an informative reference value did not exist for 
an attribute of interest. In such cases, the attribute of interest was strictly compared across the 
range of future water supply and demand scenarios. For example, metrics related to flood 
control releases or spills to manage reservoir levels may not have an associated reference 
value. In this case, metrics related to flood control releases or spills were quantified through a 
comparative analysis between future scenarios. 

2.6 Step 6 – Identify Reference Value (if appropriate) 
If the reference value method was selected in step 5, an appropriate reference value was then 
selected. As described below, reference values could be based on physical constraints in the 
Basin, prescribed conditions, estimated resource needs, or historical or simulated conditions. 

2.6.1 Physical Constraint 
Some metrics were quantified based on physical constraints in the river system. For example, the 
elevation of a facility’s water intake represents a physical constraint and provided the reference 
value that was used to quantify a metric in the Water Deliveries resource category. 

2.6.2 Prescribed Condition 
Some metrics were quantified based on specific values that are prescribed in contracts and 
agreements between resource management agencies, Environmental Impact Statement (EIS) 
Records of Decision (ROD), Biological Opinions issued by USFWS, and other regulatory 
actions. For example, recommendations of flows for endangered species (as defined in a 
Biological Opinion) provided reference values that were used to quantify metrics in the 
Ecological Resources resource category.  

2.6.3 Estimated Condition 
Some metrics were quantified using an estimated condition for a water-dependent resource. 
Estimated conditions typically were developed by interested stakeholders or were defined within 
published reports and articles. For example, the projected demand for municipal, industrial, and 
agricultural water at a specific location was used to quantify metrics in the Water Deliveries 
resource category.  

2.6.4 Historical Condition 
Some metrics were quantified based on values derived from historical conditions, particularly 
when it was important to measure the change in the attribute of interest over time. Historical 
values were based on recorded information, where the period of interest may have covered a 
relatively short timeframe (such as the last 10 years) or a longer timeframe (such as the last 
100 years or longer). For example, the minimum hydroelectric generation data over the past 10 
years provided reference values that were used to quantify a metric in the Electrical Power 
Resources resource category.  

2.7 Step 7 – Documentation 
Metric definitions developed by applying steps 1 through 6 are documented in tabular fashion. 
The tables, which appear by attribute of interest throughout the report, list the information shown 
as step 7 in figure D-1. 
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2.8 Examples of Using the Step-wise Approach to Metric Development 
The following discussion provides examples of the approach to implementing each step for 
metric development. The examples were specifically selected to show the different paths that 
may be taken when following the steps shown in figure D-1.  

2.8.1 Quantitative Type with Direct Measurement 
In the resource category Electrical Power Resources, electrical power generated was identified as 
an attribute of interest. In step 3, the locations of interest were identified as the major Colorado 
River Storage Project power plants3 in the Upper Basin and Hoover Dam and the Parker-Davis 
project in the Lower Basin. In step 4, it was determined that the attribute of interest is directly 
measurable at the selected locations (CRSS simulates power generation at each of the identified 
locations); therefore, a quantitative-type metric was used for this attribute.  

In step 5, the reference value method was selected based on stakeholder input as the method for 
metric quantification. In step 6, the reference values vary by location. For example, the Historical 
Condition method was used at Hoover with the minimum power generation over the previous 10 
years selected as the reference value, whereas the Prescribed Condition method was selected for 
use in the Upper Basin with the firm power contract utilized as the reference value. 

2.8.2 Quantitative Type with Indirect Measurement 
In the resource category Ecological Resources, aquatic and riparian habitat was identified as an 
attribute of interest. In step 3, the locations of interest were identified based on stakeholder input. 
In step 4, it was determined that this attribute could not be directly measured (CRSS does not 
represent specific ecological and biological characteristics related to aquatic and riparian 
habitat). However, flow conditions at the monthly time step simulated in CRSS could be an 
indication of the functioning of aquatic and riparian habitat, thus providing an indirect 
measurement for this attribute. 

In step 5, the reference value method was chosen at locations where in-stream flow water rights 
exist (another reference value method was used at several other locations where such rights do 
not exist). In step 6, the minimum target flows defined by instream flow water rights (such as 
those held by the Colorado Water Conservation Board) were selected as the reference value 
using the prescribed conditions method. 

2.8.3 Qualitative Type 
In the resource category Recreational Resources, socioeconomics related to recreation was 
identified as an attribute of interest based on stakeholder input. In step 3, the locations of interest 
were identified throughout the Basin where there is a significant economic benefit from 
recreation. In step 4, it was determined that this attribute could not be directly measured and 
furthermore, an indirect measurement was not possible in the Study (an economic analysis would 
require additional economic data and modeling that are not currently available). Therefore, a 
qualitative-type metric was selected for this attribute.  

                                                 
3 Power plants at Lake Powell, Flaming Gorge, Blue Mesa, Morrow Point, and Crystal Reservoirs. 
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3.0 Sources of Data and Information Used in Metric 
Development 

Data sources used in the development of the system reliability metrics included recently 
published reports relevant to Basin water resources and data and information provided by 
representatives of organizations either participating directly in the Metrics Sub-Team or as 
designated point of contact. The use of these data and information sources was referenced where 
appropriate, and a list of these sources is provided in the References section of this report.  

4.0 Water Deliveries Metrics 
The water deliveries attributes of interest are:  

• Consumptive uses and shortages 
• Other water deliveries 
• Socioeconomic impacts related to shortages 

4.1 Metrics for the Consumptive Uses and Shortages Attribute of Interest 
Consumptive uses and shortages metrics were evaluated at locations throughout the Basin where 
demand nodes exist within CRSS. All consumptive uses and shortages metrics are quantitative 
metrics whose reference values are defined by the Estimated Condition quantification method. 
Specifically, the Estimated Condition reference values are based on demand projections for the 
particular water demand scenario being modeled (see Technical Report C – Water Demand 
Assessment). 
CRSS simulates shortages differently for the Upper and Lower Basin. For the Lower Basin, 
CRSS computes shortages as specified in the Colorado River Interim Guidelines for Lower 
Basin Shortages and Coordinated Operations of Lakes Powell and Mead (2007 Interim 
Guidelines) (U.S. Department of the Interior [DOI], 2007) through 2026. Beyond 2026, 
additional modeling assumptions were made: 1) the 2007 Interim Guidelines were assumed to 
extend through 2060, and 2) the operations of Lake Powell and Lake Mead reverted to the No 
Action Alternative in the Colorado River Interim Guidelines for Lower Basin Shortages and 
Coordinated Operations of Lakes Powell and Mead Final Environmental Impact Statement 
(2007 Interim Guidelines Final EIS) (Reclamation, 2007) through 2060. Both assumptions4 were 
used in the system reliability analysis.  

The quantified demand scenarios in the Lower Basin include demands above the Lower Division 
states’ basic apportionments. As part of the system reliability analysis, select options were 
implemented to, in part, reduce demands above apportionment. Therefore, the remaining 
demands above Lower Division States’ basic apportionment were included as a metric. For the 
Upper Basin, CRSS does not simulate the complex water rights systems in each state that are 
needed to model shortages to individual water right holders. At any particular node (location), 
the model tracks shortages when the flow is insufficient to meet the local demands. Such a broad 
simulation greatly underestimates shortages for the major Upper Basin tributaries; however, 
given the relative comparison nature of the Study, reporting shortages as modeled can still 
provide insights to benefits or reductions to deliveries within the Upper Basin. An area identified 
                                                 
4 Technical Report G – System Reliability Analysis and Evaluation of Options and Strategies, Appendix G2 – Colorado River Simulation System 

Modeling provides a detailed description of these and other CRSS modeling assumptions used in the system reliability analysis. 



Technical Report D — System 
Reliability Metrics 

 
 

December 2012 D-9 

for future work after the Study includes enhancements to CRSS to better estimate Upper Basin 
shortages. Additionally, the 10-year moving aggregate flow volume at Lee Ferry is tracked in 
CRSS. Anytime the 10-year flow volume is less than 75 million acre-feet (maf), the shortfall is 
reported as a Lee Ferry deficit. 

4.1.1 Tribal Water Rights 
The assessment of the ability of the system to satisfy tribal water rights, including tribal Central 
Arizona Project (CAP) entitlements, was not explicitly evaluated for two reasons. First, model 
limitations described previously with respect to not simulating water rights in the Upper Basin 
limited the ability to track deliveries to tribes in the Upper Basin. Second, at the request of the 
Ten Tribes Partnership (Partnership), opportunities to conduct a future joint planning study with 
Reclamation that will focus on tribal issues are being explored. It is envisioned that through this 
future study, coupled with CRSS enhancements, a detailed assessment of the ability of the 
system to satisfy tribal water rights would be performed.  

With respect to tribes with CAP entitlements, CRSS aggregates all deliveries to CAP users 
into one node, with the exception of the Ak-Chin and Salt River Pima-Maricopa Indian 
Communities. However, the ability of the system to deliver water to tribes with 
CAP entitlements could be determined based on CAP's ability to divert a sufficient 
quantity of water to meet these entitlements. Therefore, a qualitative discussion on the ability 
of the system to satisfy tribal water rights was included in the Study. 

4.2 Metrics for the Other Water Deliveries Attribute of Interest 
There are several other attributes of interest related to water deliveries that are important to 
various stakeholders. These attributes of interest were evaluated at locations other than where 
CRSS demand nodes exist (e.g., reservoir elevations) and were therefore placed in this category. 
These include flows arriving at Morelos Diversion Dam, the Navajo Indian Irrigation Project 
Diversion at Navajo Reservoir, and Lake Mead at elevation 1,000 feet above mean sea level 
(msl). 

CRSS assumes a delivery to Mexico of 1.5 maf per year, with additional deliveries of up to 
200,000 acre-feet (af) per year when Lake Mead is in flood control operations. Reductions in 
deliveries to Mexico are simulated consistent with the modeling assumptions noted in the 2007 
Interim Guidelines Final EIS (Reclamation, 2007)5. CRSS extends to just south of the Northerly 
International Boundary to include the Morelos Diversion Dam (Mexico’s principal diversion) 
and accounts for the entire 1944 Treaty delivery at that point. Flows arriving at Morelos 
Diversion Dam in excess of the 1944 Treaty delivery were tracked as a relative comparison 
metric under the other water deliveries attribute of interest. 

Water is extracted from the Colorado River at numerous locations using instream diversion 
facilities or reservoir intake structures. Intake structures cannot operate if reservoir water levels 
are below their respective minimum service elevations. Therefore, the frequency of potential 
conditions in which water levels drop below minimum intake service elevations are important 
measures of system reliability. The Navajo Indian Irrigation Project Diversion at Navajo 

                                                 
5 Reclamation’s modeling assumptions are not intended to constitute an interpretation or application of the 1944 Treaty or to represent current 

U.S. policy or a determination of future U.S. policy regarding deliveries to Mexico. The United States will conduct all necessary and 
appropriate discussions regarding the proposed federal action and implementation of the 1944 Treaty with Mexico through the International 
Boundary and Water Commission in consultation with the Department of State. 
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Reservoir was identified as an intake where water level data are critical and was quantitatively 
evaluated with a physical constraint of 5,990 feet msl. This is the minimum allowable water level 
where diversion facilities are still operable. 

Elevation 1,000 feet msl in Lake Mead is important to water deliveries for multiple reasons. At 
elevation 1,000 feet msl, there are less than 4.5 maf of water remaining in Lake Mead. According 
to the 2007 Interim Guidelines (DOI, 2007), the Secretary of the Interior (Secretary) shall consult 
with the Basin States whenever Lake Mead is below elevation 1,025 feet msl and is projected to 
fall below 1,000 feet msl, to discuss further measures that may be undertaken at such time. This 
elevation is also of interest to the operation of the Southern Nevada Water Authority’s (SNWA) 
intake structures in Lake Mead. Currently, 1,000 feet msl is the minimum allowable water level 
at which the intake facilities are still operable. For these reasons, Lake Mead elevation at 
1,000 feet msl was evaluated quantitatively with its reference value defined by an Estimated 
Condition. All metrics for the other water deliveries attributes of interest are shown in table D-2.  

TABLE D-2 
Attribute of Interest: Other Water Deliveries 

Location Metric Type Quantification Method 
Reference Value 

(feet msl) 
Morelos Diversion Dam 

Quantitative 

Relative Comparison Not Applicable 

Navajo Indian Irrigation Project Diversion 
at Navajo Reservoir Physical Constraint 5,990 

Lake Mead Estimated Condition 1,000 

 

4.3 Metrics for the Socioeconomic Impacts of Shortages Attribute of Interest 
To quantitatively evaluate socioeconomic impacts of shortage conditions, an economic model 
that relates delivery shortages to employment, income, and tax revenue would be required. This 
model would need to be regional in nature and have the capability to allocate shortages among 
agricultural and municipal and industrial (M&I) users. Economic models of this type have been 
built and used in the past (USFWS, 1994). However, updating these models to evaluate 
socioeconomic impacts related to delivery shortages is beyond the scope of the Study. For this 
reason, socioeconomic impacts related to shortages is discussed in a qualitative manner. 

5.0 Electrical Power Resources Metrics 
The electrical power resources attributes of interest are: 

• Electrical power generated  
• Economic value of electrical power generated 
• Available generation capacity 
• Impact on power rates 
• Water supply system pumping costs 
• Impacts on Basin funds 
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5.1 Metrics for the Electrical Power Generated Attribute of Interest 
Hydroelectric power generation is directly related to the head on the generating units and the 
quantity of water flowing through the turbines. The net effective head is the difference between 
the water level elevation of the reservoir behind a dam and in the tail water below the dam. The 
net effective head and flow are the two variables that influence hydroelectric power generation of 
the power plant, measured in megawatts. 

Hydroelectric power is generated at numerous locations throughout the Basin. Hydropower 
plants in the Upper Basin that are modeled in CRSS include the Colorado River Storage Project 
facilities located at the Lake Powell, Flaming Gorge, Blue Mesa, Morrow Point, and Crystal 
reservoirs, as well as the power plant at Fontenelle. Hydropower plants in the Lower Basin 
include the Hoover, Parker, Davis, and Headgate Rock facilities. Metrics were developed to 
assess the impact to electrical power generated from these facilities (or an aggregate of) due to 
their inclusion in CRSS. Headgate Rock Dam is not explicitly modeled in CRSS. However, 
because it is located just downstream of Parker Dam, the releases from Parker Dam were used to 
qualitatively assess the effects on power generation at Headgate Rock Dam using the relative 
comparison method. There are numerous other hydropower plants located throughout the Basin. 
Metrics for these other hydropower facilities were not developed; however, readers who have a 
particular interest in other hydropower plants may be able to use the results from facilities 
evaluated in the Study as indicators for facilities not evaluated in the Study. 

Western is a power marketing administration responsible for marketing and transmitting 
electricity from multi-use water projects in the central and western United States. Western 
markets power from all Upper Basin power plants as a single power resource; therefore, 
electrical power generated by Upper Basin facilities was measured by a single aggregate metric. 
In the Lower Basin, power is marketed separately for Hoover, the Parker-Davis Project, and 
Headgate Rock hydropower plants. Individual metrics were used to measure electrical power 
generated at these three locations. Table D-3 summarizes the metrics related to electric power 
generated. 

TABLE D-3 
Attribute of Interest: Electrical Power Generated 

Location Metric Type 
Quantification 

Method 

Reference Value 
Megawatt-hours 
(MWh) per year 

Upper Basin Power Plants1 

Quantitative – Direct 

Prescribed Condition 4,948,7803 

Hoover Power Plant Historical Condition 3,426,1494 

Parker and Davis Power Plants2 Relative Comparison Not Applicable 

Headgate Rock Power Plant Qualitative Relative Comparison Not Applicable 

1 Upper Basin power plants include: Fontenelle, Flaming Gorge, Blue Mesa, Morrow Point, Crystal, and Glen 
Canyon. 

2 Parker and Davis power plants were aggregated for the purposes of the Study. Power marketed through the 
Parker-Davis Project consists of all of the power generated from Davis plus half the power generated from 
Parker, but this metric presents the entire power generated from both hydropower facilities. 

3 Reference value is the firm power contract for all Upper Basin power plants. 
4 Reference value is the minimum power generation that occurred during the 10-year reference period of 2000 

through 2009 selected by Western.  
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5.2 Metrics for the Economic Value of Electrical Power Generated Attribute of 
Interest 

Western markets power and administers power contracts for power produced at Reclamation-
owned and -operated hydropower facilities. The economic value of electrical power produced by 
these facilities is an important measure of system reliability. CRSS calculates the quantity of 
electrical power generated, and this information could be used in post-processing analyses to 
calculate economic value. However, the necessary steps to compute the economic value of the 
electrical power generated was beyond the scope of the Study. Therefore, a qualitative analysis 
of the economic value was included in the Study.  

5.3 Metrics for the Available Generation Capacity Attribute of Interest 
Available generation capacity is a measure of the maximum amount of power that could be 
produced based on reservoir level and the physical design capacity of the hydropower facility. 
The available generation capacity affects hydropower ramping operations and overall power 
system reliability. Ramping is the change in water release from the reservoir that passes through 
the turbine to meet the electrical load. Both scheduled and unscheduled ramping occur to meet 
variations in real-time electrical loads. Western depends on ramping operations to ensure 
electrical service reliability and an uninterrupted power supply. The higher the available 
generation capacity, the more flexibility is available in the ramping operations. Therefore, 
available generation capacity is an important attribute of electrical power resources. 

Historical information about available generation capacity (by month) was evaluated. Available 
generation capacity in future scenarios was compared to this historical reference, both monthly 
and annually (computed by summing the monthly values). Table D-4 summarizes the metrics 
related to available generation capacity. 

5.4 Metrics for the Impact on Power Rates Attribute of Interest 
Western has contracts in place to deliver specified amounts of power to its customers in the 
Upper Basin. If Upper Basin hydroelectric power facilities cannot produce the contracted power 
during any given month, Western must buy energy at the market rate to make up these shortfalls. 
The amount of power that must be purchased at the market rate directly affects the long-term 
power rates to contract customers. In the Lower Basin, firm contract power delivery agreements 
are limited to the Parker-Davis Project. Although Western does not have firm contract power 
delivery agreements for power produced from the Hoover power plant, decreased power plant 
production would require increased purchases of market rate power by contract customers. 
Therefore, power generation at all power plants could affect power rates, regardless of whether 
they have firm contract power delivery agreements. 

Varying degrees of power generation shortfalls would occur under the various future scenarios 
evaluated. Understanding the impacts of potential generation shortfalls (which may occur with or 
without the implementation of options and strategies) to power rates is an attribute of interest for 
electrical power resources. Power rates paid by contract customers are not directly measurable by 
CRSS, and updating third-party models to perform this analysis is outside the scope of the Study. 
Therefore, a qualitative evaluation of the relationship between generation shortfalls and power 
rates was included in the Study. 
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TABLE D-4 
Attribute of Interest: Available Generation Capacity 

Location Metric Type 
Quantitative 

Method 

Reference Value2 

(all values are in MWh per month) 

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep 

Upper Basin1 

Quantitative – 
Direct 

Historical 
Condition 

769 672 757 781 874 869 856 783 688 677 670 795 

Hoover 856 848 982 889 913 1,029 1,248 1,357 1,233 1,353 1,265 1,107 

Parker and Davis 275 213 203 198 224 269 270 317 318 319 318 320 

1 Upper Basin power plants include: Fontenelle, Flaming Gorge, Blue Mesa, Morrow Point, Crystal, and Glen Canyon. 
2 Reference values are the minimum available generation capacity that occurred during the selected 10-year reference period of 2000 through 2009. 
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5.5 Metrics for the Water Supply System Pumping Costs Attribute of Interest 
Utilities that pump water to their service areas may be affected by increased energy requirements 
for pumping associated with lower water levels in source water reservoirs. Examples include the 
Salt River Project, which extracts cooling water from Lake Powell for the Navajo Generating 
Station (NGS); SNWA, which diverts water from Lake Mead; the Metropolitan Water District of 
Southern California, which diverts water from Lake Havasu through the Colorado River 
Aqueduct; and the Central Arizona Water Conservation District, which also diverts water from 
Lake Havasu to supply the CAP delivery area. Current operating practices maintain relatively 
constant lake levels in Lake Havasu regardless of hydrologic conditions. Pumping costs for the 
Colorado River Aqueduct and CAP, therefore, do not fluctuate significantly with hydrologic 
conditions. For this reason, quantitative metrics at these locations were deemed unnecessary.  

Alternatively, wide fluctuations in water levels in Lake Mead and Lake Powell could affect 
pumping costs for water providers that pump from these reservoirs. For example, SNWA uses 
variable-speed pumping equipment that has the ability to adjust power usage with varying lake 
levels. Therefore, the effects of varying lake levels on SNWA pumping costs were included as a 
qualitative metric. Conversely, the Salt River Project uses constant speed pumping equipment for 
the NGS, which is lower-cost equipment, but does not have the ability to adjust power usage 
with lake levels. Therefore, electrical costs for pumping water to the NGS will not fluctuate 
significantly with hydrologic conditions. For this reason, metrics for the NGS were deemed 
unnecessary.  

5.6 Metrics for the Impact on Basin Funds Attribute of Interest 
A portion of the revenue from the sale of power generated at hydropower facilities is used to 
finance Basin funds, which include the Upper Colorado River Basin Fund, Lower Colorado 
River Basin Development Fund, Colorado River Dam Fund, and the Parker-Davis Account. 
These funds provide revenue for a variety of uses, including the operation and maintenance of 
hydroelectric facilities and associated dams and/or repayment of specific Basin projects or 
programs. Western is responsible for marketing and collecting payment for power and transfer of 
revenues to Basin funds. A change in the amount of available capacity or energy generation 
could potentially affect the revenue derived from the sale of power and the contributions to the 
Basin funds. 

The impact to Basin funds depends on numerous factors, including amount of power sold, 
economic value of that power, and revenue allocation agreements. CRSS does not directly 
calculate any of these quantities. However, it does calculate hydropower generation, and varying 
degrees of hydropower generation shortfalls would occur under the various future scenarios 
evaluated. Therefore, qualitative metrics were used to relate power generation shortfalls to 
increased risk of funding shortfalls.  

6.0 Water Quality Metrics 
The water quality attributes of interest are:  

• Salinity 
• Sediment transport 
• Temperature 
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• Other water quality attributes 
• Socioeconomic impacts related to salinity 

6.1 Metrics for the Salinity Attribute of Interest 
The U.S. Environmental Protection Agency (EPA) suggested the development of water quality 
criteria for salinity in the Basin following passage of the Federal Water Pollution Control Act 
(Clean Water Act) of 1972. In response, the Basin States formed the Colorado River Basin 
Salinity Control Forum (Forum) to develop numeric salinity criteria and an implementation plan 
to ensure compliance while allowing the Basin States to continue to develop their Compact-
allocated water. The Forum recommends, the States adopt, and EPA approves the flow-weighted 
average annual numeric salinity criteria for three locations on the lower Colorado River (table D-
5). The criteria, first established in 1975, are reviewed every 3 years; the latest review was 
completed in 2011. 

Minute No. 242 of the International Boundary and Water Commission provides that the United 
States shall adopt measures to ensure that the approximately 1.36 maf delivered to Mexico 
upstream of Morelos Dam have an annual average salinity of no more than 115 parts per million 
±30 parts per million over the average annual salinity of Colorado River waters which arrive at 
Imperial Dam. Real-time water operations ensure that the salinity differential is met each year.  

CRSS performs salinity calculations for select locations in the Lower Basin, including below 
Hoover Dam, below Parker Dam, and at Imperial Dam. Therefore, quantitative metrics for 
salinity were identified at these locations based on the Forum-developed numeric salinity 
criteria. CRSS does not include the complex surface water/groundwater interactions in the 
Yuma, Arizona region from Imperial Dam to the Northerly International Boundary.  

Although numeric salinity criteria in the Upper Basin and at other locations in the Lower Basin 
have not been developed, salinity levels are monitored at 17 locations throughout the Basin by 
the Colorado River Basin Salinity Control Program6 in cooperation with the U.S. Geological 
Survey, with 15 of those locations being in the Upper Basin. These locations are represented in 
CRSS and are used as relative comparison metrics to compare salinity levels across scenarios. 
Table D-5 summarizes the Basin salinity metrics and the associated quantification methods and 
reference values.  

6.2 Metrics for the Sediment Transport Attribute of Interest 
Reservoirs behind dams throughout the Basin retain the vast majority of the inflowing sediment. 
Following the completion of the dams, large sediment deltas formed near the inflow areas. When 
the reservoirs are drawn down during droughts, rivers cut new channels through the sediment 
deltas to reach the reservoirs. Generally the greater the reservoir drawdown, the greater the 
sediment delta headcut and the finer the sediment exposed. The resuspended sediments have a 
significant oxygen demand and also temporarily release nutrients, which can result in greater 
algal growth. 

  

                                                 
6 Authorized through Public Laws 93-320, 98-569, 104-20, 104-127, 106-459, 107-171, and 110-246. 
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TABLE D-5 
Attribute of Interest: Salinity 

Location Metric Type Quantification Method 
Reference Value1 

milligram(s) per 
liter (mg/L) 

Below Hoover Dam 

Quantitative Prescribed Condition 

723 

Below Parker Dam 747 

At Imperial Dam 879 

Colorado River near Glenwood Springs, CO 

Quantitative Relative Comparison Not Applicable 

Colorado River near Cameo, CO 

Gunnison River near Grand Junction, CO 

Dolores River near Cisco, CO 

Colorado River near Cisco, CO 

Green River at Green River, WY 

Green River near Greendale, UT 

Yampa River near Maybell, CO 

Duchesne River near Randlett, UT 

White River near Watson, UT 

Green River at Green River, UT 

San Rafael River near Green River, UT 

San Juan River near Archuleta, NM 

San Juan River near Bluff, UT 

Colorado River at Lees Ferry, AZ 

Colorado River near Grand Canyon, AZ 

Virgin River near Littlefield, AZ 

1 For locations with numeric criteria developed by the Forum, salinity is measured as flow-weighted average 
annual total dissolved solids at designated locations on the Colorado River.  

Riverine sediment transport, therefore, can have recreation and biological resource impacts. 
Sediment transport in the Basin is not modeled by CRSS. Although sediment transport models 
exist for some locations, there is no Basin-wide sediment transport model. The relation between 
beach formation in reservoirs and within river reaches, and the recreational experience was 
addressed qualitatively in the Recreational Resources resource category.  

6.3 Metrics for the Temperature Attribute of Interest 
Impounding water in reservoirs affects the water temperature of dam releases as a result of 
thermal stratification. During the summer, the surface layers of the reservoirs are typically warm 
as the result of inflows, ambient air temperature, and solar radiation. Conversely, lower reservoir 
layers remain cooler year-round. For these reasons, water temperatures downstream of reservoirs 
are influenced by reservoir water level, release facility location, and release volumes.  
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Water temperature can affect the health of flow- and water-dependent species in the Basin. 
Water temperature is not modeled by CRSS and therefore was not quantitatively evaluated in the 
Study.  

6.4 Other Water Quality Attributes of Interest 
Numerous other water quality attributes are of interest to various stakeholders. Water quality 
attributes such as selenium, dissolved oxygen, nutrients, algae, metals, perchlorate, and emerging 
contaminants were qualitatively addressed in the Study. 

6.5 Metrics for Socioeconomic Impacts Related to Salinity Attribute of 
Interest 

Economic impacts of elevated salinity levels in the Colorado River and its tributaries are not 
calculated by CRSS. Reclamation and the Forum use the Lower Colorado Salinity Damage 
Model to estimate economic damages that result from elevated salinity levels in the Basin. 
Economic damages estimated by this model include changes to crop yields related to agricultural 
water use and impacts due to M&I water use, such as reduced useful life of water-dependent 
appliances, increased use of water-softening chemicals, and increased purchase of bottled water. 
The necessary steps to run this economic model using all of the Study’s results is beyond the 
scope of the Study. Therefore, the economic effects due to salinity levels were included as a 
qualitative metric. In addition, EPA has set voluntarily guidelines for salinity levels in drinking 
water supplies with a target of less than 500 mg/L, measured as total dissolved solids. Some 
water providers, notably the Metropolitan Water District of Southern California, blend Colorado 
River water with other water supplies that have lower salinity in an attempt to meet these 
guidelines. When salinity levels are elevated in the Colorado River, the ability of M&I water 
suppliers to meet their target blended salinity is diminished. Qualitative discussions of this item 
were provided in addition to the discussion of economic damages. 

7.0 Flood Control Metrics 
The flood control attributes of interest are:  

• Flood control releases and reservoir spills 
• Critical river stages related to flooding risk 

7.1 Metrics for the Flood Control Releases and Reservoir Spills Attribute of 
Interest 

The term “flood control releases” is unique to the operation of Hoover Dam because Lake 
Mead’s annual release is governed by strict flood control regulations. The current flood control 
regulations were implemented under the Field Working Agreement between Reclamation and the 
U.S. Army Corps of Engineers (USACE) for Flood Control Operation of Hoover Dam and Lake 
Mead, signed February 8, 1984 as prescribed by the 1982 Water Control Manual for Flood 
Control, Hoover Dam and Lake Mead, Colorado River (USACE, 1982). Under this agreement, 
criteria are set forth to meet system space requirements from August through December and to 
determine reservoir releases from January through July. During all months of the year, the top 
1.5 maf of space (the space above elevation 1,219.6 feet msl) is reserved exclusively for flood  
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control purposes. Lake Mead is considered to be under flood control operations when releases in 
excess of those necessary to meet water use demands are required to make this flood control 
space available. 

Reclamation also makes “spill avoidance” decisions at other reservoirs that it manages and 
operates. The primary objective of spill avoidance is to minimize the amount of water that does 
not pass through hydropower facilities. Reclamation typically defines a spill as any amount of 
water that does not pass through the hydropower facilities, including water that is diverted 
around the dam through bypass piping, as well as water that physically passes over the dam 
spillway. 

CRSS was used to quantify the frequency and magnitude of both flood control releases at Lake 
Mead and reservoir spills. These metrics were quantified at Fontenelle, Flaming Gorge, Blue 
Mesa, Lake Powell, and Lake Mead using the relative comparison quantification method. 

7.2 Metrics for the Critical River Stages Related to Flooding Risk Attribute of 
Interest 

CRSS does not directly calculate water levels (stages) in river reaches. In select locations, 
empirical relationships between river flow and river stage can be used to assess the potential for 
flooding. Specifically, empirical relationships between flow and flood risk (safe channel 
capacity) exist downstream of Lake Mead, Navajo Dam, and the Aspinall Unit. Additional 
analysis of CRSS output data was performed to estimate flooding potential. Table D-6 
summarizes the metrics for the critical river stages related to flooding risk.  

TABLE D-6 
Attribute of Interest: Critical River Stages Related to Flooding 

 

Location Metric Type 
Quantitative 

Method 

Reference Value1 

cubic feet per 
second (cfs) Reference 

Gunnison River at Delta, 
Colorado 

Quantitative Estimated 
Condition 

15,000 
Water Control Manual Blue 
Mesa Dam and Reservoir  
(USACE, 1988) 

San Juan River below 
Navajo Dam 5,000 Water Control Manual 

Navajo Dam and Reservoir  
(USACE, 1970) San Juan River near 

Farmington, New Mexico 12,000 

Colorado River below 
Hoover Dam 28,000 

Water Control Manual 
Hoover Dam and Lake 
Mead 
(USACE, 1982) 

1 Maximum safe channel capacity  
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8.0 Recreational Resources Metrics 
The recreational resources attributes of interest are:  

• Shoreline public use facilities 
• River and whitewater boating 
• Other recreation attributes 
• Socioeconomic impacts related to recreation 

8.1 Metrics for the Shoreline Public Use Facilities Attribute of Interest 
Access to boat launch ramps and marinas is directly related to reservoir water levels. CRSS 
calculates water levels for all major Basin reservoirs, so access to shoreline facilities can be 
evaluated directly with CRSS output. Low reservoir levels can also limit reservoir boating 
navigation and affect ferry service. Table D-7 summarizes the metrics for shoreline access. 

  
TABLE D-7 
Attribute of Interest: Shoreline Public Use Facility 

Location1 Metric Type 
Quantitative 

Method 

Reference 
Value2 

(feet msl) 

Flaming Gorge   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Quantitative 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Physical 
Constraint 

 

 

Firehole Boat Ramp 6,019 

Cedar Springs Marina  6,018 

Antelope Flat, Anvil Draw, Buckboard, Sheep Creek, 
Squaw Hollow Boat Ramps 6,015 

Lucerne Valley Marina 6,010 

Mustang Ridge and Upper Marsh Creek Boat Ramps 6,000 

Lucerne Valley Boat Ramp 5,994 
Blue Mesa   

Ponderosa Boat Ramp 7,468 

Stevens Creek Boat Ramp 7,462 

Lake Fork Marina and Boat Ramp 7,440 

Iola and Elk Creek Boat Ramps 7,433 
Navajo   

Arboles Boat Ramp 6,025 

Sims Mesa Boat Ramp 6,000 

Pine Boat Ramp 5,997 
Lake Powell  

Hite Public Boat Ramp 3,620 

Castle Rock Cut 3,613 

Antelope Point Public Boat Ramp 3,588 

Wahweap, Stateline, Bull Frog Low Water Alternative, 
Halls Crossing Ramps 3,560 

Wahweap, Antelope Point, Bull Frog, Halls Crossing 
Marinas 3,555 
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TABLE D-7 
Attribute of Interest: Shoreline Public Use Facility 

Location1 Metric Type 
Quantitative 

Method 

Reference 
Value2 

(feet msl) 

Lake Mead  

Pearce Bay Boat Ramp and Ferry 1,175 

Las Vegas Bay and Government Wash Boat Ramps 1,150 

Overton Beach Marina, Callville and South Cove Boat 
Ramps 1,125 

Overton Boat Ramp 1,110 

Lake Mead Marina 1,100 

Lake Mead, Hemenway, Temple Bar Boat Ramps 1,080 

Echo Bay Boat Ramp 1,050 
1 Other locations, such as boat access camp sites, swim beaches, and natural features, are recognized as 

attractions but not included as reference values for the shoreline public use facilities attribute of interest. 
2 Minimum reservoir levels required for use of designated shoreline public use facilities. Below these levels, 

facilities would have to be extended, closed, or relocated.  
 

8.2 Metrics for the River and Whitewater Boating Attribute of Interest 
Many different recreational activities are supported by rivers and streams throughout the Basin. 
The river and whitewater boating attribute of interest was designed to measure the impact to one 
of those activities, specifically river and whitewater boating.  

River and whitewater boating experiences vary with flow conditions, as well as with other non-
flow related factors. For use in the Study, American Whitewater developed relationships that 
relate flow conditions to the quality of the boating experience by applying methodology 
developed by Whittaker et al. (2005). Under this methodology used by American Whitewater, 
flow translates to an “acceptable” or “optimal” boating day, depending on the flow condition and 
user survey responses. While this approach has been used in other Federal Energy Regulatory 
Commission-related studies, significant uncertainties exist related to its use in the Study. 
Additionally, it should be recognized that there are alternative study options to the one applied 
here that relate flow and recreation quality. The inclusion of the results from this particular 
approach should not be construed as an endorsement of this method by the Basin States or 
Reclamation. 

A key component of this methodology is user surveys that ask the recreational boating 
community to identify flows ranging from totally unacceptable to totally acceptable 
based on their skill level and craft type. American Whitewater independently conducted 
these surveys and due to resource constraints and the Study timeline, these surveys were 
conducted over a much shorter timeframe (1 month) than others typically conducted by 
American Whitewater. As such, there are limitations in the data collected by these surveys, 
in particular related to low response numbers and non-response bias. Non-response bias 
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can result when surveys are only filled out by a small percentage of the people who were asked 
to fill out the survey, and has the potential to skew results (Whittaker et al., 1993)7.  

Survey limitations affect the flow-experience relationships derived from these surveys. 
Correspondingly, the flow ranges that define these relationships also contain limitations. Some of 
these are quite obvious given the extremely broad range of acceptable flows at some locations. 
For example, as shown in table D-8, for the Colorado River near Cisco, Utah, the range for an 
acceptable boating experience is from 1,800 to 100,000 cfs. The results of the user survey, as 
well as the methods applied to develop acceptable and optimal flow ranges, are described in 
detail in appendix D2.  

Notwithstanding these limitations, information retained from these surveys and the subsequent 
analysis resulting in estimated flow conditions to support the boating experience were included 
in the Study because the information may provide an understanding of the impacts to river and 
whitewater boating under the multiple future conditions assessed in the Study. This information 
provides a useful broad view of these impacts; however, it is recommended that future efforts 
that incorporate this information carefully consider the limitations described here and in further 
detail in appendix D2. 

Because CRSS operates at a monthly time step and the flow-experience relationships are 
developed based on average daily flows, a method was developed that uses the flow-experience 
relationships for the Study. This method develops daily flow patterns that translate monthly 
volumes projected by CRSS into “boating flow days” using the flow-experience relationships 
developed through user surveys. The daily flow patterns are not meant to predict actual daily 
flows in the future; rather, they are an intermediate step in obtaining the number of boating flow 
days in a month. The number of boating flow days is compared across future scenarios. As such, 
the utility is in the relative comparison of the metric between scenarios. A detailed description of 
this method is provided in appendix D2.  

Table D-8 lists the locations at which the metric was evaluated (locations explicitly modeled in 
CRSS), the corresponding recreational boating reach, and the estimated range of “acceptable” 
and “optimal” flows for boating as determined from the user surveys. It is important to note that 
these flow ranges are estimated to support river and whitewater boating and do not necessarily 
support other recreational activities, for example, fishing. The acceptable and optimal ranges 
listed in this table are not the metrics’ reference value; rather, they were used to calculate the 
number of acceptable and optimal boating flow days. 

In cases where CRSS does not explicitly represent the recreational boating reach of interest, the 
nearest downstream location represented in CRSS was chosen as an indirect approximation of 
the location of interest. The locations were selected by evaluating three criteria: 1) the proximity 
of a location explicitly represented in CRSS to a whitewater boating resource; 2) an assessment 
of the CRSS ability to model flow at the desired locations; and 3) an acceptable number of 
respondents (30 per Whitaker et al. [1993]) for the user surveys. It should be recognized that the 
locations in table D-7 are not a complete list of locations that are important to the recreational 
boating community. Rather, they are the locations surveyed by American Whitewater and fit the 
evaluation criteria previously described and were evaluated in the Study. Appendix D2 lists all 
the locations surveyed by American Whitewater. 
                                                 
7 Whittaker et al. (1993) suggests that non-response bias may be an issue if the survey response rate is less than 65 percent. In the surveys 

conducted by American Whitewater, the response rates were typically much lower than 65 percent.  



Colorado River Basin 
Water Supply and Demand Study 
 
 

D-22 December 2012 

TABLE D-8 
Attribute of Interest: River and Whitewater Boating 

Location 
Whitewater Boating 

Resources 
Acceptable 
Range (cfs) 

Optimal 
Range (cfs) 

Colorado River at Glenwood Springs, CO GW Play Park, South Canyon 1,600–50,000 7,000–20,000 

Dolores River near Cisco, UT Lower Dolores 900–20,000 1,800–3,000 

Colorado River near Cisco, UT Hittle Bottom, Moab Daily 1,800–100,000 4,000–15,000 

Green River near Greendale, UT Lodore Canyon 1,000–12,000 2,000–8,000 

Yampa River near Maybell, CO1 Little Yampa Canyon, Cross 
Mountain Canyon 

800–10,000 1,700–4,500 

Yampa River at Deerlodge Park, CO Yampa Canyon 1,500–50,000 2,500–25,000 

Green River at Jensen, UT Split Mountain Canyon 1,200–50,000 2,500–25,000 

San Juan River near Bluff, UT Lower San Juan Canyon 800–50,000 1,400–7,500 

1 The Cross Mountain segment is a very technical whitewater boating resource, and is defined by a narrow range of 
boating flows, as compared to other segments on the Yampa. Because of the technical and advanced nature of the 
resource, responses from experienced paddlers were less than 30. 

 

8.3 Other Recreational Attributes of Interest 
Sediment transport affects the recreational experience along Basin rivers and in Basin reservoirs. 
Significant additional analyses (beyond CRSS) are required to model sediment transport. 
Therefore, in lieu of detailed quantitative analyses, qualitative evaluations relating sediment 
transport to river flows were provided as part of the Study. 

8.4 Metrics for the Socioeconomic Impacts Attribute of Interest 
A reduction in the number of recreational visitors as a result of limited shoreline access could 
adversely affect local socioeconomics. Rough estimates that relate reservoir levels or flow 
conditions to socioeconomic impacts exist for some areas in the Basin. Significant additional 
analyses (beyond CRSS) are required to model the socioeconomic impacts related to reduced 
recreational use. For this reason, socioeconomic impacts related to reduced recreational use of 
Basin water resources were evaluated qualitatively. 

9.0 Ecological Resources Metrics 
Colorado River ecosystems support a wide array of native species, each with diverse needs. To 
assess the response of these ecosystems to changed conditions under future scenarios, extensive 
data and models that examine the complex interactions of the physical environment and specific 
species’ needs are required. This detailed level of assessment is beyond the scope of the Study; 
however, metrics that approximate the flow-based conditions to support these resources were 
developed to facilitate the understanding of how these hydrologic conditions vary under future 
conditions.  

The locations at which these metrics are applied do not represent all of the ecologically 
important locations in the Basin. Rather, they represent locations that are both explicitly modeled 
in CRSS and have ecological relevance. Many limitations exist with respect to the tools and data 
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that can be reasonably used given the Study’s time and resources. Acknowledging these 
limitations, metrics that approximate the location and estimate the flow conditions to support 
ecological resources were developed for the purpose of the Study. As such, the utility of the 
metrics described in this section is primarily to understand the relative comparison within an 
attribute of interest across a wide range of future scenarios8. 

Ecological resources specified in the Plan of Study (see Study Report, Appendix 1 – Plan of 
Study) include fish, wildlife, and their habitats; candidate, threatened, and endangered species; 
and flow- and water-dependent ecological systems. The ecological resources attributes of interest 
are: 

• Flows to support threatened and endangered species 
• Aquatic and riparian habitats 
• Wildlife refuges and fish hatcheries 

9.1 Metrics for Flows to Support Threatened and Endangered Species 
Attribute of Interest  

The Upper Colorado River Endangered Fish Recovery Program and San Juan River Basin 
Recovery Implementation Program (Recovery Programs) are designed to help recover several 
fish species listed as endangered under the federal Endangered Species Act (the Colorado pike 
minnow, the razorback sucker, the bonytail, and the humpback chub), while allowing water 
development to continue in the Upper Colorado and San Juan River Basins. The Recovery 
Programs provide water for these endangered fish species in accordance with all applicable laws 
through means that include the modification of operations at federal and non-federal facilities, 
conservation, and the development of additional supplies. Flow recommendations9 are defined as 
part of the Recovery Programs; therefore, flows are used as indicators for metrics for these fish 
species, and the Recovery Programs’ recommendations provide the reference values. Providing 
flows is only one part of the recovery efforts that include activities such as habitat development, 
non-native fish control, and monitoring and research. The combination of flow and non-flow 
recovery actions is anticipated to increase endangered fish populations to achieve recovery. As 
such, the relative difference in achieving these flow recommendations across various scenarios 
should not be viewed as the sole means to recover the species. 

The 1996 Glen Canyon Dam ROD (Reclamation, 1996) guides the operations of Glen Canyon 
Dam regarding downstream ecological resources. The ROD sets very specific limits on daily 
operations (ramp rates and fluctuation limits). Most sub-monthly constraints cannot be 
effectively modeled in CRSS; however, the ROD specifies minimum allowable releases of 
8,000 cfs from 7:00 a.m. to 7:00 p.m. and 5,000 cfs from 7:00 p.m. to 7:00 a.m. When coupled 
with the down-ramp restrictions of 1,500 cfs per hour (Reclamation, 1996), the minimum 
average daily release is constrained to 6,438 cfs. The minimum daily release was converted to a 
minimum monthly release for Glen Canyon Dam and used as a reference value.  

                                                 
8 For example, metrics for riparian habitat, under the aquatic and riparian habitats attribute of interest, should be used to show that scenario “X” 

meets the estimated flow conditions for cottonwood recruitment 95 percent of the time and scenario “Y” meets the criteria 98 percent of the 
time, so scenario “Y” is relatively better at meeting the flow conditions. An incorrect interpretation of the metric would be to infer that if 
scenario “X” is realized, cottonwood recruitment will not exist 5 percent of the time because data and tool limitations inhibit that level of detail. 

9 The flow recommendations were developed based on the best available information at the time. They are subject to change based on continued 
research and adaptive management processes integral to the ongoing recovery efforts.  
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The ROD also established the Glen Canyon Dam Adaptive Management Program (AMP) to 
monitor the effects of Glen Canyon Dam operations on the downstream ecological resources. 
The AMP is responsible for making recommendations to the Secretary regarding ways to fulfill 
the resource protection requirements of the Grand Canyon Protection Act while complying with 
all applicable federal laws. Each year the AMP recommends flows that the Secretary may adopt 
for these purposes. At times these have included changes in monthly release patterns; however, 
this is done annually on an ad hoc basis and therefore was not included as a metric. 

In the Lower Basin, the Lower Colorado River Multi-Species Conservation Program 
(LCR MSCP) provides Endangered Species Act compliance for specific federal ongoing and 
future flow and non-flow related actions in the Lower Basin through 2055, as well as the 
conservation plan for a non-federal section 10(a)(1)(B) permit over the same period of time. The 
LCR MSCP-covered activities include changes in points of diversion that could result in reduced 
flows in amounts up to 845 thousand acre-feet per year (kafy) in the reach below Hoover Dam to 
Davis Dam, up to 860 kafy in the reach below Davis Dam to Parker Dam, and up to 1,574 kafy 
in the reach below Parker Dam to Imperial Dam. Reductions in flow may occur from actions 
such as water transfers, conservation activities, and shortages to Lower Basin water users 
(Reclamation, 2004). The flow reduction values at these locations provide the reference values 
for metrics associated with threatened and endangered species in the Lower Basin. 

Table D-9 summarizes the metrics related to flows to support threatened and endangered fish, 
including the location, flow target(s), and reference document from which these flows were 
taken. Many of the Recovery Program flow recommendations are for average daily flow rates, 
whereas CRSS operates at the monthly time step; however, recent research and development 
efforts resulted in the ability to evaluate daily flow targets below Navajo and Flaming Gorge 
Reservoirs. For other locations, monthly volumetric targets were developed based on the 
Recovery Program’s flow recommendations. Appendix D3 details the methods used to develop 
these monthly approximations. Assumptions (e.g., hydrologic period of record chosen for year 
type determination) were made to develop those approximations that in some cases resulted in 
flows different than those specified in the reference documents and that exist for regulatory 
purposes. The inclusion of these approximated flows in the Study should not in any way change 
or affect the flow recommendations that are used for regulatory purposes. 

9.2 Metrics for Aquatic and Riparian Habitat Attribute of Interest 
At some locations of interest, specific habitat needs have not been expressed in terms of flow 
recommendations for endangered fish recovery. Nonetheless, there is interest in examining how 
aquatic and riparian habitat for species not currently threatened or endangered may change with 
time under varying future scenarios. Although flow is not the only variable that influences 
changes to the aquatic and riparian habitat, it is the main output variable of CRSS. The flow 
conditions represent an indirect measurement of how the habitats could function in the future. 
Metrics for this attribute of interest were developed under each of the following groups: 

• Instream flow rights 
• Cottonwood recruitment conditions 
• Flow-dependent ecological systems 
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TABLE D-9 
Attribute of Interest: Flows to Support Threatened and Endangered Species  

Location 
Metric 
Type 

Quantitative 
Method Reference Value2 Reference 

Colorado River near 
Cameo, CO 

Quantitative Prescribed 
Condition1 

Average monthly flows ranging 
from about 1,560–17,160 cfs, 
depending on month and 
hydrologic year type 

Recovery Program 
(Osmundson, 2001) 

Gunnison River near 
Grand Junction, CO 

Spring peak volumes ranging 
from about 347–2,090 kaf and 
summer through winter base 
flows ranging from 42–154 kaf, 
depending on hydrologic year 
type 

Recovery Program 
(McAda, 2003) 
Final Gunnison River 
Programmatic Biological 
Opinion (PBO) (USFWS, 
2009) 

Colorado River near 
the Colorado-Utah 
Stateline 

Spring peak volumes ranging 
from 871–5,271 kaf and summer 
through winter base flows 
ranging from 100–369 kaf, 
depending on hydrologic year 
type 

Recovery Program 
(McAda, 2003) 

Yampa River near 
Maybell, CO 

Base flow of 120 cfs Recovery Program 
(USFWS, 2008) 

Green River near 
Greendale, UT 

Summer through winter base 
flows ranging from 800–1,800 
cfs, depending on hydrologic 
year type 

Flaming Gorge 
Operations Final EIS 
(Reclamation, 2005) 

Green River at 
Jensen, UT 

Spring peak flows ranging from 
8,300–26,400 cfs and summer 
through winter base flows 
ranging from 900–3,000 cfs, 
depending on hydrologic year 
type 

Flaming Gorge 
Operations Final EIS 
(Reclamation, 2005) 

Green River at Green 
River, UT 

Quantitative Prescribed 
Condition1 

Spring peak volumes ranging 
from 1,092–4,700 kaf and 
summer through winter base 
flows ranging from 80–289 kaf, 
depending on hydrologic year 
type 

Flaming Gorge 
Operations Final EIS 
(Reclamation, 2005) 

Duchesne River near 
Randlett, UT 

Spring peak volumes ranging 
from 47.6–535 kaf and summer 
through winter base flows 
ranging from 2.8–7.1 kaf, 
depending on hydrologic year 
type 

Recovery Program 
(Modde and Keleher, 
2003) 

San Juan River near 
Bluff, UT3 

Spring peak flows ranging from 
2,500–10,000 cfs and summer 
through winter base flows 
ranging from 500–1,000 cfs 

Navajo Reservoir 
Operations Final EIS 
(Reclamation, 2006a) 

Glen Canyon Dam Minimum average daily release 
of 6,438 cfs 

Glen Canyon Dam ROD 
(Reclamation, 1996) 
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TABLE D-9 
Attribute of Interest: Flows to Support Threatened and Endangered Species  

Location 
Metric 
Type 

Quantitative 
Method Reference Value2 Reference 

Hoover Dam to Davis 
Dam 

Flow reductions up to 845 kafy LCR MSCP 
(Reclamation, 2004) 

Davis Dam to Parker 
Dam 

Flow reductions up to 860 kafy 

Parker Dam to 
Imperial Dam 

Flow reductions up to 1,574 kafy 

1 These flow targets are one component of the Upper Colorado River Endangered Fish Cooperative Agreement 
between DOI and the States of Colorado, Utah, and Wyoming; and several PBOs and EISs that are based on that 
agreement and the underlying program. These flow targets may change in the future as a result of new 
information or changes in this Recovery Program or the underlying PBOs and EISs. 

2 If the Recovery Programs’ flow recommendations are in terms of monthly flows or are at locations that daily flows 
can be evaluated using CRSS, the reference values are directly from the referenced document. Otherwise, the 
reference values are monthly approximations of the flow recommendations from the supplied references. 

3 CRSS does not presently have the appropriate resolution to measure base flow recommendations at the precise 
locations specified in the Navajo Reservoir Operations ROD (Reclamation, 2006b). Methods have been 
developed, in collaboration with Navajo Reservoir operators, to provide a quantitative approximation of the Navajo 
ROD flow recommendations that assume the recommendations are measured at the San Juan River near Bluff, 
Utah. 

Table D-10 summarizes the metrics (both the locations and the reference values) considered 
under each of the above groups. The following sections describe these metrics in further detail.  

9.2.1 Instream Flow Rights 
The Colorado Water Conservation Board has secured many instream flow rights10 to benefit the 
aquatic and riparian habitat across Colorado. Many of these locations are on tributaries that are 
not modeled in CRSS; however, where the locations coincide with gage locations in CRSS, the 
modeled flow was compared with the in-stream flow right. Table D-10 presents the locations and 
their reference values. 

9.2.2 Cottonwood Recruitment Metric 
Healthy cottonwood stands are an indicator of healthy riparian systems and the many species that 
depend on them. The recruitment of new cottonwoods is important in maintaining the 
cottonwood stands, and thus a healthy riparian system. The metric is based on the biological 
premise that conditions that could lead to a successful cottonwood recruitment event, should 
occur approximately once every 10 years, to sustain the cottonwoods and the many riparian 
facultative species depending on them. In coordination with the USFWS and The Nature 
Conservancy (TNC), a metric was developed that incorporates this concept.  

 

                                                 
10 Available at: http://cwcb.state.co.us/environment/instream-flow-program/Pages/main.aspx. 

http://cwcb.state.co.us/environment/instream-flow-program/Pages/main.aspx
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TABLE D-10 
Attribute of Interest: Aquatic and Riparian Habitat 

Location Metric Type 
Quantification 

Method Reference Value 

Instream Flow Rights 

Taylor River near Taylor Park, CO 

Quantitative Prescribed 
Condition 

100 cfs in May through September 
and 50 cfs in October through April. 

Gunnison River below Crystal 
Reservoir, CO 

300 cfs in January through 
December 

Cottonwood Recruitment Metric 

Dolores River near Cisco, UT 

Quantitative Estimated 
Condition 

Positive conditions occurring once 
every 10 years1 

San Juan River near Archuleta, NM 

Green River below Fontenelle 
Reservoir, WY 

Green River near Green River, WY 

San Rafael near Green River, UT 

Colorado River near Cisco, UT 

Flow-Dependent Ecological Systems 

Yampa River near Maybell, CO 

Quantitative Estimated 
Condition 

Spring peak volumes ranging from 
369–1,459 kaf and summer through 
winter base flows ranging from 7.1–
73 kaf, depending on hydrologic 
year type2 

Little Snake River near Lily, CO Spring peak volumes ranging from 
100–531 kaf and summer through 
winter base flows ranging from 
0.36–33.7 kaf, depending on 
hydrologic year type2 

Yampa River at Deerlodge Park, CO Spring peak volumes ranging from 
458–1,994 kaf and summer through 
winter base flows ranging from 7.1–
118 kaf, depending on hydrologic 
year type2 

White River near Watson, UT Spring peak volumes ranging from 
120–504 kaf and summer through 
winter base flows ranging from 
12.3–36.9 kaf, depending on 
hydrologic year type2 

1 See appendix D4 for the detailed approach to this reference value. 
2 See appendix D5 for the detailed approach to this reference value. 

 

  



Colorado River Basin 
Water Supply and Demand Study 
 
 

D-28 December 2012 

The metric employs the cottonwood recruitment box model (Mahoney and Rood, 1998), which 
has been applied in many western river systems, including the Bill Williams River (Shafroth et 
al., 1998) and the Sacramento River (ESSA Technologies Ltd., 2007). As described in Mahoney 
and Rood (1998), a successful recruitment event depends on four variables: timing of peak flow, 
the river stage corresponding to the peak flow, the rate of decline from when the peak flow 
occurs to when the peak has attenuated, and a flood large enough to create the appropriate seed 
beds. The metric is an estimated condition quantification method; it is estimated that positive 
recruitment conditions should occur once every 10 years to maintain healthy cottonwood stands. 
All the above conditions are required to create the opportunity for a successful recruitment event. 
The approach to determine whether or not these conditions have occurred using CRSS is 
described in appendix D4. Table D-10 provides the locations at which the cottonwood metric is 
evaluated.  

The locations selected for the cottonwood recruitment method have not necessarily had site-
specific surveys to relate flow to floodplain inundation. Detailed site-specific surveys are 
necessary to recommend flows for cottonwood recruitment. However, the adopted method relies 
on documented rules of thumb to approximate positive recruitment conditions and is appropriate 
for a relative comparison across scenarios. Furthermore, the locations have been selected at 
existing gage sites, which may not be precisely located where ideal conditions exist for 
cottonwood growth; however, this approximation was necessary given CRSS spatial limitations. 
These assumptions are useful in providing a general understanding of the relative comparison of 
cottonwood recruitment under multiple future conditions; however, it is recommended that future 
efforts that incorporate this information carefully consider these limitations. 

Additionally, there are other locations in the Basin where this metric would be appropriate; 
however, current modeling limitations have limited the inclusion of those locations. In particular, 
the Bill Williams River has existing flow recommendations (U.S. Geological Survey, 2006), has 
operations and hydraulic models applied to it for ecological flow needs (Shafroth et al., 2010), 
and had the cottonwood recruitment box model applied to it in previous efforts (Shafroth et al., 
1998). It would be beneficial to include similar metrics on the Bill Williams River; however, this 
inclusion is limited by the treatment of the Lower Basin tributaries within CRSS (Technical 
Report C – Water Demand Assessment, Appendix C11 – Modeling of Lower Basin Tributaries in 
the Colorado River Simulation System) in that there is little variation projected on the Bill 
Williams River between future scenarios.  

9.2.3 Flow-Dependent Ecological Systems 
Metrics were developed to consider flow-dependent ecological systems (aggregation of fish 
health and riparian and aquatic habitat) for locations throughout the Basin that are important 
ecologically but for which no prescribed flow conditions exist. For example, the recommended 
flows for the Yampa River (described in table D-10) consider flow needs only during the base 
flow period. In coordination with the USFWS and TNC, metrics were developed for estimated 
flow conditions at this location in addition to two other locations in the Yampa River Basin. The 
White River near Watson, Utah, is another location with documented flow needs (Haines et al., 
2004; Lentsch et al., 2000), although they have not been fully prescribed through a biological 
opinion. Table D-10 presents the locations and a summary of the reference values for these 
metrics, while appendix D5 describes the full set of estimated flow conditions and the methods to 
develop those flows for the flow-dependent ecological systems attribute of interest.  
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Several limitations exist with respect to the estimation of these flow conditions. First, these 
ecological systems are supported by many non-flow parameters (for example water quality, 
temperature, etc.) that are not considered in the estimated flow-based conditions. Secondly, these 
flow conditions must be aggregated to a monthly time step to meet that of CRSS. Additionally, 
the methodology used to develop these flow conditions (appendix D5) depends on assumptions 
behind the hydrologic year-typing. Acknowledging these limitations, the estimated flow 
conditions shown in table D-10 have been adopted for the purpose of the Study because they 
provide a general understanding of the relative comparison of these specific ecological systems; 
however, it is recommended that future efforts that incorporate this information carefully 
consider these limitations.  

9.3 Metrics for Wildlife Refuges and Fish Hatcheries Attribute of Interest 
Table D-11 summarizes wildlife refuge and fish hatcheries in the Basin that have water rights 
and their reference values. The determination of the reference values was done in coordination 
with USFWS. In the Upper Basin, reference values are based on both the associated water right 
within the state and historical diversion records and vary by hydrologic year type. A description 
of the computation of these reference values can be found in appendix D6.  

In the Lower Basin, reference values are based on the wildlife refuges’ entitlements and 
historical use and vary by water demand scenario (Technical Report C – Water Demand 
Assessment). Under a specific water demand scenario, the reference value may be less than or 
equal to the refuges’ entitlement. It is recognized that a refuge’s demand for water is not 
necessarily limited to that refuge’s entitlement; however, the quantification of that demand 
remains an ongoing effort within USFWS.  
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TABLE D-11 
Attribute of Interest: Wildlife Refuges and Fish Hatcheries 

Location Metric Type 
Quantification 

Method 
Reference Value 

(af) 

Colorado 

Browns Park National 
Wildlife Refuge Quantitative Estimated 

Condition 
Monthly flows up to 2,520 af, depending 
on month and hydrologic year type1 

Wyoming 

Seedskadee National 
Wildlife Refuge Quantitative Estimated 

Condition 
Monthly flows up to 5,700 af, depending 
on month and hydrologic year type1 

Utah 

Ouray National Wildlife 
Refuge Quantitative Estimated 

Condition 
Monthly flows up to 8,800 af, depending 
on month and hydrologic year type1 

Arizona 

Havasu National Wildlife 
Refuge 

Quantitative Estimated 
Condition 

Annual depletions ranging from 4,542–
37,339 af and annual diversions ranging 
from 37,850–41,839 af2 

Cibola National Wildlife 
Refuge 

Annual depletions ranging from 8,822–
16,793 af and annual diversions ranging 
from 14,230–27,000 af2 

Imperial National Wildlife 
Refuge 

Annual depletions ranging from 1,039–
23,000 af and annual diversions ranging 
from 1,676–28,000 af2 

Willow Beach Fish Hatchery Quantitative Estimated 
Condition Annual depletions of about 290 af3 

1 See appendix D6 for monthly flow conditions that vary by hydrologic year type. 
2 Annual diversion and depletion varies across water demand scenarios (Technical Report C – Water Demand 

Assessment). The lower ends represent the average diversion and depletion from 2005–2009 (4,542 af 
diversion for Havasu National Wildlife Refuge. The upper end represents the refuge entitlement (37,339 af 
diversion for Havasu National Wildlife Refuge). 

3 This amount reflects Lake Mead National Recreational Area annual depletion, which includes Temple Bar, 
Katherine, and Willow Beach. CRSS does not represent these locations explicitly and treats them as one 
diversion by the Lake Mead National Recreational Area. 

 

10.0 Summary and Limitations 
Many metrics have been defined, and descriptions of these metrics have been provided in this 
report. The map shown in figure D-2 displays the Study Area and denotes the locations of the 
metrics that have been defined. The locations of the water deliveries metrics are not denoted 
because there are more than 200 locations throughout the Study Area.  

Metrics were developed to assess the impacts to water deliveries, electrical power resources, 
water quality, flood control, recreational resources, and ecological resources under multiple 
future conditions. Some metrics used information directly from CRSS (for example, 
consumptive uses and reservoir releases), while others used indirect measurements using flow to 
estimate the impact to the resource (for example, aquatic and riparian habitats). Still other 
metrics, such as socioeconomic impacts, were evaluated qualitatively.  
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The ability to assess impacts to Basin resources is limited by the spatial and temporal detail of 
CRSS. For example, CRSS tracks shortages in the Upper Basin when the flow is insufficient to 
meet the local demands, as opposed to simulating the complex water rights system in each state 
that would be needed to appropriately model shortages to individual water rights holders. This 
representation affects the ability of the Study to assess the impacts to deliveries in the Upper 
Basin.  

Another example is that several ecological resources metrics were evaluated through 
approximations at larger spatial scales and longer time steps, e.g., monthly versus daily, than 
preferred because of model limitations. Additionally, ecosystems are composed of complex 
interactions influenced by many variables besides flow, e.g., sediment transport, water quality, 
temperature, etc. The ecological resource metrics developed for the Study are flow-based, which 
indicate whether or not a certain flow condition exists, but do not indicate that the expected 
impact on a species will be realized. Likewise, the flow-based metric may indicate lesser 
achievement, but other habitat measures not directly measured in the Study may improve, 
resulting in the improvement of the overall ecosystem.  

Despite these limitations, the metrics described in this report represent a good first step towards 
the identification of a comprehensive set of metrics to measure the potential impacts to Basin 
resources. Using these metrics and through the development of system vulnerabilities, Technical 
Report G – System Reliability Analysis and Evaluation of Options and Strategies presents the 
projected impacts to these Basin resources and the effectiveness of various options and strategies 
at mitigating these impacts.  

In efforts beyond the Study, additional CRSS developments and enhancements to improve the 
model’s ability to simulate the system under future conditions will occur. These improvements 
will help to further the understanding of the potential future impacts to Basin resources in future 
studies.  
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FIGURE D-2 
Study Area with Locations of Defined Metrics 
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Disclaimer 
The Colorado River Basin Water Supply and Demand Study (Study) is funded jointly by the Bureau of 
Reclamation (Reclamation) and the seven Colorado River Basin States (Basin States). The purpose of 
the Study is to analyze water supply and demand imbalances throughout the Colorado River Basin and 
those adjacent areas of the Basin States that receive Colorado River water through 2060; and develop, 
assess, and evaluate options and strategies to address the current and projected imbalances.  
Reclamation and the Basin States intend that the Study will promote and facilitate cooperation and 
communication throughout the Basin regarding the reliability of the system to continue to meet Basin 
needs and the strategies that may be considered to ensure that reliability. Reclamation and the Basin 
States recognize the Study was constrained by funding, timing, and technological and other limitations, 
and in some cases presented specific policy questions and issues, particularly related to modeling 
and interpretation of the provisions of the Law of the River during the course of the Study. In such 
cases, Reclamation and the Basin States developed and incorporated assumptions to further complete 
the Study. Where possible, a range of assumptions was typically used to identify the sensitivity of the 
results to those assumptions. 
Nothing in the Study, however, is intended for use against any Basin State, any federally recognized 
tribe, the federal government or the Upper Colorado River Commission in administrative, judicial or 
other proceedings to evidence legal interpretations of the Law of the River. As such, assumptions 
contained in the Study or any reports generated during the Study do not, and shall not, represent a legal 
position or interpretation by the Basin States, any federally recognized tribe, federal government or 
Upper Colorado River Commission as it relates to the Law of the River. Furthermore, nothing in the 
Study is intended to, nor shall the Study be construed so as to, interpret, diminish or modify the rights 
of any Basin State, any federally recognized tribe, the federal government, or the Upper Colorado River 
Commission under federal or state law or administrative rule, regulation or guideline, including without 
limitation the Colorado River Compact (45 Stat. 1057), the Upper Colorado River Basin Compact 
(63 Stat. 31), the Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande, 
Treaty Between the United States of America and Mexico (Treaty Series 994, 59 Stat. 1219), the 
United States/Mexico agreement in Minute No. 242 of August 30, 1973 (Treaty Series 7708; 24 UST 
1968), or Minute No. 314 of November 26, 2008, or Minute No. 318 of December 17, 2010, or Minute 
No. 319 of November 20, 2012, the Consolidated Decree entered by the Supreme Court of the United 
States in Arizona v. California (547 U.S 150 (2006)), the Boulder Canyon Project Act (45 Stat. 1057), 
the Boulder Canyon Project Adjustment Act (54 Stat. 774; 43 U.S.C. 618a), the Colorado River 
Storage Project Act of 1956 (70 Stat. 105; 43 U.S.C. 620), the Colorado River Basin Project Act of 
1968 (82 Stat. 885; 43 U.S.C. 1501), the Colorado River Basin Salinity Control Act (88 Stat. 266; 
43 U.S.C. 1951) as amended, the Hoover Power Plant Act of 1984 (98 Stat. 1333), the Colorado River 
Floodway Protection Act (100 Stat. 1129; 43 U.S.C. 1600), the Grand Canyon Protection Act of 1992 
(Title XVIII of Public Law 102-575, 106 Stat. 4669), or the Hoover Power Allocation Act of 2011 
(Public Law 112-72). In addition, nothing in the Study is intended to, nor shall the Study be construed 
so as to, interpret, diminish or modify the rights of any federally recognized tribe, pursuant to 
federal court decrees, state court decrees, treaties, agreements, executive orders and federal trust 
responsibility. Reclamation and the Basin States continue to recognize the entitlement and right of 
each State and any federally recognized tribe under existing law, to use and develop the water of the 
Colorado River system. 
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Appendix D1 — Metrics Sub-Team Members 

The information presented in Technical Report D – System Reliability Metrics is the outcome of 
a collaborative process involving representatives of numerous organizations. 

A list of Metrics Sub-Team members and their affiliations is presented below.  

• Klint Reedy, Black & Veatch 
• Alan Butler, Bureau of Reclamation 
• Carly Jerla, Bureau of Reclamation 
• Martin Einert, Bureau of Reclamation 
• Kara Gillon, Defenders of Wildlife 
• Jason John, Navajo Nation  
• Colby Pellegrino, Southern Nevada Water Authority 
• Jan Matusak, The Metropolitan Water District of Southern California 
• Robert Wigington, The Nature Conservancy 
• John Shields, Wyoming State Engineers Office  
Points of contact with other organizations that provided additional information are presented 
below.  

• Nathan Fey, American Whitewater 
• Katrina Grantz, Bureau of Reclamation 
• Robert Radtke, Bureau of Reclamation 
• Jack Barnett, Colorado River Basin Salinity Control Forum 
• Norm Henderson, National Park Service 
• Bill Jackson, National Park Service 
• Kent Turner, National Park Service 
• David Slick, Salt River Project 
• Janet Bair, U.S. Fish and Wildlife Service 
• Tom Chart, U.S. Fish and Wildlife Service 
• Andrew Hautzinger, U.S. Fish and Wildlife Service 
• Jana Mohrman, U.S. Fish and Wildlife Service 
• Mike Roberts, The Nature Conservancy 
• John Sanderson, The Nature Conservancy 
• Xavier Gonzalez, Western Area Power Administration  
• Sam Loftin, Western Area Power Administration  
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Appendix D2 — Boating Flow Days Metrics 

1.0 Introduction 
This appendix describes the method used to implement the boating flow days metric for the river 
and whitewater boating attribute of interest. Relationships were developed at several Upper 
Colorado River Basin locations to link average daily flow to the quality of boating experience. In 
this context, flow translates to an acceptable, optimal, or other (flows below or above the 
acceptable thresholds) boating day, depending on the flow magnitude and the survey 
respondents. The flow-experience relationships (Whittaker et al., 2005) were developed by 
American Whitewater based on user surveys that asked users to identify flows ranging from 
totally unacceptable to totally acceptable based on their skill level and craft type. Because the 
Colorado River Simulation System (CRSS) operates at a monthly time step and the flow-
experience relationships are developed based on average daily flows, an additional step is 
necessary to resolve the time step discrepancy. 

Significant uncertainties exist related to the use of the approach taken by American Whitewater 
in the Colorado River Basin Water Supply and Demand Study (Study), as there are several 
limitations stemming from resource constraints and the Study timeline. Nevertheless, the 
information resulting from this approach has been included in the Study because it provides a 
broad view of the impacts to river and whitewater boating under multiple future conditions. It is 
recommended that future efforts carefully consider the limitations and assumptions of this 
approach if this information is used in future efforts. 

The methodology section details the process of performing user surveys and developing flow-
experience relationships. Additionally, the procedure that is used to resolve the time step 
discrepancy between CRSS output and flow-recreation relationships is presented. The summary 
section describes results of the user survey procedure. A report developed by American 
Whitewater describing the user-survey approach and survey results is provided in attachment A. 

2.0 Methodology 
2.1 Establish Flow Ranges 
To establish flow ranges for survey-based acceptable and optimal recreational opportunities, 
American Whitewater collected and organized personal evaluations of recreational resource 
conditions and recreation-relevant hydrology, consistent with standard methods (Whittaker et al., 
2005). An online survey conducted during November and December 2011 involved 
382 volunteer paddlers representing a range of experience and skill levels. The survey asked 
respondents to evaluate flows at each location, although few respondents had experience with 
every segment surveyed.  

Study respondents were asked to evaluate overall recreation quality for each measured flow at 
each Study segment, using a seven-point “acceptability” scale (ranging from very unacceptable 
[-3] to very acceptable [3]). Using a survey-based normative approach, individual evaluations of 
flows were aggregated into social norms, which described the group’s collective evaluation of 
those same stream flows (Shelby et al., 1996; Whittaker et al., 1993). Structural norm 
characteristics were used to graphically represent the range of acceptable flows for whitewater 
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boating opportunities. Mean evaluation for each flow condition was plotted graphically to create 
the social norm or flow-acceptability curves (see figure D2-1 for an example). These curves were 
analyzed in terms of certain characteristics, including: 

• Acceptable flows: the range of flows represented above the neutral line of the curve starting 
at the minimum acceptable flow 

• Optimal flows: flows that are represented by the peak of the curve 
FIGURE D2-1 
Example Flow Acceptability Agreement Index Curve  
The size of symbols represents the variability within the responses (smaller symbols represent greater relative agreement among 
respondents). 

 
Impact acceptability curves and the Flow Acceptability Agreement Index (also known as 
Potential for Conflict Index, or FAAI) were used to help determine minimum acceptable, 
optimal, and the range of acceptable flows, and to estimate respondent agreement regarding the 
acceptability of each specific flow level. A detailed report on the methods used to determine the 
flow ranges is included as attachment A. 

2.2 Obtain Boating Flow Days from CRSS Output 
CRSS is operated on a monthly time step with flow outputs reported as average monthly flow or 
as monthly volumes. During the course of a month, the daily flow rates may change considerably 
and have a significant impact on the recreational whitewater resource. Therefore, the metric 
required a temporal disaggregation of modeled monthly flow volumes to daily average flow rates 
before computing the number of acceptable, optimal, and other boating days in a month. The 
disaggregated flow rates were then compared to the acceptable and optimal flow ranges for each 
location to develop statistics on the number of acceptable and optimal boating days in each 
month. 

The daily disaggregation of flow was performed external to the CRSS model using software 
developed specifically for this metric. The disaggregation technique uses historical patterns of 
flow variability from observed gage data and applies the variability to the modeled monthly flow 
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volume. Stream gages used to develop the historical patterns were evaluated for significant 
changes in upstream operations. Gages with significant changes over the past 30 years and gages 
that were projected to have significantly different flow patterns in the future (e.g., re-operation of 
upstream reservoir) were screened from further consideration.   

Figure D2-2 shows the overall process of the temporal disaggregation using an example CRSS 
model output for a May flow volume. For the past 30 years of daily gage data at each location, 
each month was normalized by its monthly volume to develop coefficients that represent the 
historical pattern of variability (figure D2-2B). Each of the 30 sequences of coefficients was then 
applied to the simulated monthly flow to produce an ensemble of plausible daily flows 
(figure D2-2C). The daily flows patterns were then compared to the desired flow ranges for the 
specific location to develop statistics on the number of acceptable and optimal boating days in 
the month.  

3.0 Summary 
Table D2-1 summarizes the number of respondents for each surveyed location and the acceptable 
and optimal flow ranges as identified by the user surveys. Locations immediately below Taylor 
Reservoir and the Aspinall Unit were excluded from the process due to the current representation 
of the operating logic of these reservoirs in CRSS. The Colorado River near Cameo, Colorado; 
Colorado River near the Colorado–Utah state line; Green River near Green River, Wyoming; 
White River near Watson, Utah; Gunnison River near Grand Junction, Colorado; and the Green 
River at Green River, Utah, were not included as metrics because there was not adequate user 
response to the surveys at these locations. Whittaker et al. (1993) recommends approximately 
30 respondents for statistical significance. For all other locations, high levels of agreement on 
optimal flows were recorded and minimum acceptable flows were identified for each segment by 
the respondents. For many segments, respondents reported no maximum acceptable flow, 
defining a wide range of acceptable flows, up to 100,000 cubic feet per second (cfs) for certain 
high-volume reaches. 

The boating flow days metric made it possible to quantify the relative trade-offs among 
recreation opportunities and between recreation and other resources during the System 
Reliability Analysis. The daily flow patterns are not meant to predict actual daily flows in the 
future; instead, they are an intermediate step in estimating the number of boating flow days in a 
month that were then compared across scenarios.  
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FIGURE D2-2 
Example Steps for Computing Number of Boating Flow Days from CRSS Monthly Output 
9 years from the 1981–2010 gage record are shown as an example. 
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TABLE D2-1 
Summary of the Surveyed Locations, Respondent Numbers, and Acceptable and Optimal Flow Ranges 

Attribute Location 

Whitewater 
Boating 

Resource 

Acceptable 
Boating Flow 

Range  
(cfs) 

Optimal Boating 
Flow Range  

(cfs) 
Respondent 

Numbers 
Colorado River at Glenwood 
Springs, Colorado 

GW Playpark 
South Canyon 

1,600–50,000 7,000–20,000 42 Responses – 
328 Skipped 

Colorado River near Cameo, 
Colorado 

Big Sur 20,000–50,000 27,500–50,000 26 Responses – 
364 Skipped 

Colorado River near Colorado-
Utah state line 

Ruby-Horsethief 
Westwater 

Not Applicable Not Applicable No data 

Gunnison River near Grand 
Junction, Colorado 

Lower Gunnison 
Dominguez-
Escalante 

900–15,000 2,000–12,500 7 Responses – 
383 Skipped 

Dolores River near Cisco, Utah Lower Dolores 900–20,000 1,800–3,000 48 Responses – 
342 Skipped 

Colorado River near Cisco, Utah Hittle Bottom 
Moab Daily 

1,800–100,000 4,000–15,000 35 Responses – 
355 Skipped 

Green River near Green River, 
Wyoming 

Green River 
Whitewater park 

Not Applicable Not Applicable 6 Responses – 
384 Skipped 

Green River near Greendale, Utah Lodore Canyon 1,000–12,000 2,000–8,000 93 Responses – 
199 Skipped 

Yampa River near Maybell, 
Colorado 

Little Yampa 
Canyon 

Cross Mountain 
Canyon 

800–10,000 1,700–4,500 22 Responses –
270 Skipped 

51 Responses – 
241 Skipped 

Yampa River at Deerlodge Park, 
Colorado 

Yampa Canyon 1,500–20,000 5,000–15,000 102 Responses – 
190 Skipped 

Green River at Jensen, Utah Split Mountain 
Canyon 

1,200–50,000 2,500–25,000 32 Responses – 
358 Skipped 

White River near Watson, Utah Lower White Not Applicable Not Applicable 2 Responses – 
388 Skipped 

Green River at Green River, Utah Gray, Desolation, 
Labyrinth, and 

Stillwater 
Canyons 

1,600–50,000 3,000–20,000 26 Responses – 
364 Skipped 

San Juan River near Bluff, Utah Lower San Juan 800–50,000 1,400–7,500 37 Responses – 
353 Skipped 

 

4.0 References 
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Abstract:  
 
 Effects of in-stream flows on river-based recreational attributes, such as whitewater 
boating, have profound impacts on recreation opportunities. In many watersheds, streamflows 
necessary to provide the full range of whitewater boating opportunities are often not clearly 
defined - presenting a challenge to resource managers seeking to balance water supply and 
demand strategies. In this study, an online survey was designed and conducted to allow 
whitewater enthusiasts to evaluate flows for whitewater boating on rivers within the Upper 
Colorado River basin, and identify low, acceptable and optimum flows for 10 targeted river 
segments. Flow Acceptability Agreement Index curves summarizes the quality of boating 
opportunities for each measured stream-flow. Respondents also reported flows that provide 
certain recreation experiences, from technical low water to challenging high water trips. 
American Whitewater conducted this study to provide information on flows needed to sustain 
the whitewater boating resource in the Upper Colorado River basin. This information is being 
reported with the express intent of developing a quantitative metric for evaluating impacts to 
existing recreational flow-needs under various management opportunities currently being 
investigated under the US Bureau of Reclamation’s Colorado River Basin Study.  
  



 
American Whitewater – DRAFT Report 

Stream-flow Evaluations – Colorado River Basin Study 
 

D2-A-2  December 2012 

 
 
 
 
 
 
 
 
 
 
Contents 
 
 
 
I.  Introduction  
 
II. Recreational Flow Assessment – Locations and Methods 
 - Recreational Whitewater Attribute Locations    Table A 
 - Recreational Whitewater Attribute Locations and Respondent Numbers Table B 
    
III. Results and Discussion 
 
 A. Flow Evaluation Curves 
 - Acceptable and Optimal Flows for Whitewater Boating   Table C 
 - Impact Acceptability Curve Acceptable and Optimal Flows by Craft-type Table D  
  
 B. Specific Flow Evaluations         
 - Median Whitewater Boating Flow Evaluations     Table E 
 - Mean Whitewater Boating Flow Evaluations    Table F 
 
 C. Discussion 
 
IV.  Conclusion  
 - Integrating Overall and Specific Flow-Evaluations    Figure A 
 
Appendix A   
 Online Flow-Evaluation Survey      Attachment 
 
Appendix B  
 Overall Flow Evaluations         
  - Flow-Evaluation Curves      Figures 1-8 
  - Mean Acceptability Agreement and FAAI data   Tables 1-8 
 
Appendix C 

A subset listing of projects at which whitewater boating has been analyzed. 
  



 
American Whitewater – DRAFT Report 

Stream-flow Evaluations – Colorado River Basin Study 
 

December 2012   D2-A-3 

 
I. Introduction 
 
 Whitewater boating is a flow dependent recreational use of rivers, and considerable work 
evaluating flow-recreation relationships has occurred over the last several decades (Brown et 
al., 1991; Shelby, Brown, & Taylor, 1992; Whittaker and Shelby, 2002). Many of the flow-
recreation studies focus on whitewater boating, such as rafting, kayaking, and canoeing, as flow 
often determines whether people have opportunities to take a trip and what level of challenge or 
social value is provided (Whittaker  & Shelby, 2000).  Different flow levels provide for varied 
whitewater boating opportunities. As flows increase from zero, different paddling opportunities 
and challenges exist within ranges of flows on a spectrum: too low, minimal acceptable, 
technical, optimal, high challenge, and too high. Standard methodologies are used to define 
these flow ranges based on individual and group flow-evaluations. The various opportunities 
provided by different flow ranges are described as occurring in “niches” (Shelby et al., 1997).  
  
 Whitewater Boating is enjoyed in different crafts, such as canoes, kayaks, and rafts. 
Different craft types provide different opportunities for river-based recreation, from individual or 
small group trips, to large group multi-day excursions. Flows that provide greater social value for 
one type of craft, such as canoes, may not provide equivalent social value for rafting. Changes 
in streamflow can have direct effects on the quality of whitewater boating, for every craft type.  
Direct effects may change quickly as flows change, such as safety in running rapids, number of 
boat groundings, travel times, quality of rapids, and beach and camp access (Brown, Taylor, & 
Shelby, 1991; Whittaker et al., 1993; Whittaker & Shelby, 2002). Indirectly, flow effect wildlife 
viewing, scenery, fish habitat, and riparian vegetation over the long term as a result of changes 
in flow regime (Bovee, 1996; Richter et al., 1997; Jackson & Beschta, 1992; Hill et al., 1991). 
 
 Streamflow is often manipulated through controlled reservoir releases, unanticipated 
spills from dams, and in-channel diversions.  Additional scenarios, such as climate change and 
drought, water rights development, or conservation and the associated decreases in water 
demands, can all impact flows and recreation quality. Decision-makers within land and resource 
management and regulatory agencies, are increasingly interested in assessing the impacts of 
flow regimes on recreation resources. This has been most notable in the Federal Energy 
Regulatory Commission’s (FERC) relicensing process, and where decision-makers, resource 
managers, and interest groups consider the extent that flow regimes can be managed to provide 
desirable recreational resource conditions. Appendix C lists a subset of projects where 
Whitewater Boating Flows have been analyzed. In these decision-making settings, specific 
evaluative information on how flow affects recreation quality is critical, particularly where social 
values are often central to decision-making (Kennedy and Thomas 1995). 
 
 Researchers collecting and organizing evaluative information, often employ a normative 
approach using survey-based techniques. This approach is particularly useful for developing 
thresholds, or standards, that define low, acceptable, and optimal resource conditions for 
whitewater boating. Thresholds are crucial elements in any effective management or decision-
making process (Shelby et al. 1992). The approach examines individuals’ evaluations of a range 
of conditions (personal norms). Social Norms, defined by aggregate personal norms, describe a 
group’s collective evaluation of resource conditions. This approach has been used to 
understand streamflows for whitewater boating on the Grand Canyon (Shelby et al. 1992), as 
well as several others rivers in Colorado (Vandas et al. 1990, Shelby & Whittaker 1995, Fey & 
Stafford 2009, Fey & Stafford 2010). 
 
 American Whitewater designed and conducted this study to collect evaluative 
information on whitewater boating attributes for 10-targeted recreational resources in the 
Colorado River Basin. Using overall flow-evaluation data, we developed flow-evaluation curves 
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that identify low, acceptable, and optimum flows for whitewater boating. In addition, specific flow 
evaluations were collected to aid in “calibrating” points along each curve. The present paper 
integrates both types of information in order to assist the Protect the Flows Campaign and the 
U.S. Bureau of Reclamation, in the development of quantitative recreational System Reliability 
Metrics that can be implemented in the Colorado River Basin Study. 
 
II. Recreational Flow Assessment – Locations and Methods  
 
 To define normative standards for whitewater boating flows in the Upper Colorado River 
basin, American Whitewater collected and organized personal evaluations of recreational 
resource conditions, and recreation-relevant hydrology, consistent with NPS methodologies1. 
Using a web-based survey tool2, American Whitewater designed two sets of questions asking 
respondents to evaluate flows for ten rivers, relative to specific U.S. Geological Survey 
streamflow gage locations and Colorado River Simulation System Nodes.   
 

Table A: Recreational Whitewater Attribute Locations 
 
Whitewater Resource Location USGS 

Gage 
Whitewater Boating Attribute 

Colorado River At Glenwood Springs 9072500 Glenwood Springs Playpark & South Canyon 

Colorado River Near Cameo – CO 9095500 Big Sur 

Gunnison River Near Grand Junction 9152500 Lower Gunnison (Dominguez-Escalante) 

Dolores River Near Cisco  - UT 9180000 Lower Dolores River 

Colorado River Near Cisco – UT 9180500 Hittle Bottom & Moab Daily 

Green River Near Green River - WY 9217000 Green River Whitewater Park 

Green River at Jensen – UT 9261000 Split Mountain Canyon 

White River Near Watson – UT 9306500 Lower White River 

Green River At Green River – UT 9315000 Desolation-Gray, Labyrinth & Stillwater Canyons 

San Juan River Near Bluff - UT 9379500 Lower San Juan 

 
An online approach to the flow comparison survey was used in this study for several reasons: 
- The study timeframe was too short to use other approaches, such as mail-in surveys or in-
person ballots. 
- Many whitewater boaters that have taken trips on these target rivers hail from around the 
United States. An online approach makes it easier to access this knowledge base. 
- Electronic announcements and links to the survey website facilitate broader participation and 
higher respondent numbers.  
 
 The Flow-Evaluation Survey was based on the normative approach discussed above. 
One set of survey questions was used to develop overall flow-evaluations curves, and another 
set of questions helped identify and explain various points on those same curves. Overall Flow 
evaluation questions asked respondents to evaluate overall recreation quality for specific 
measured flows on each study segment, using a seven-point “acceptability” scale (unacceptable 
-3 and acceptable 3).  This type of Survey contrasts with surveys that evaluate a single flow, or 
surveys conducted while flows are manipulated by controlled releases over a short period of 
time (Whittaker et al. 1993).  
 Another set of six specific flow evaluation questions asked respondents to report: 1) the 
minimum whitewater flow, 2) lowest preferred whitewater flow, 3) technical whitewater flow, 4) 
optimal whitewater flow, 5) high whitewater flow, and 6) highest safe whitewater flow. Each 
respondent reported flows with respect to their preferred craft-type. A copy of the online Flow-

                                                        
1
 Whittaker, D., B. Shelby, J. Gangemi. 2005. Flows and Recreation, A guide to studies for river professionals.  

U.S. Department of the Interior, National Park Service, Anchorage, AK. 
2
 www.surveymonkey.com 
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Evaluation Survey, including both sets of questions, is attached as Appendix A. 
 
An announcement of the flow-evaluation study was sent to over 5,000 American 

Whitewater members, including a link to the online survey website.  The announcement was 
also posted to several online river-related discussion forums and various regional paddling club 
websites. The online format allowed whitewater boaters of all skill-levels and craft-types to 
report personal evaluations. The survey sample included outfitters currently permitted to operate 
commercially on targeted rivers, and non-commercial boaters.  Because there were few 
differences between these groups, the data was combined in the analysis. 
 
 In all, 382 volunteer paddlers responded to the survey, although very few respondents 
had experience with every segment in the study. Table B summarizes the number of survey 
responses for each study segment. For this study, 93% of respondents identified themselves as 
private paddlers, 78% of respondents identified themselves as advanced or expert paddlers, 
and 73% reported paddling at least 20+ days per season.  A wide-range of craft types was 
surveyed, with rafters (23%), kayakers (72%), canoeists (5%) all represented. 
 

Most respondents (42%) reported living in six Colorado basin states, such as Wyoming, 
Colorado, Utah, New Mexico, Arizona, and Nevada, though paddlers from 38 states participated 
in the survey.  65% of respondents felt “very comfortable” estimating flows in cfs (cubic feet per 
second) on targeted river segments, while no respondents reported feeling “uncomfortable” or 
even “somewhat uncomfortable” estimating flows on their favorite stretch. 

 
Table B: 

Recreational Whitewater Attribute Locations and Respondent Numbers 
 

Whitewater Boating Location USGS 
Gage  

Whitewater Boating 
Attribute 

Respondent 
Numbers 

Colorado River At Glenwood Springs 9072500 
Glenwood Springs - 
South Canyon 

42 Responses  

Colorado River Near Cameo 9095500 Colorado River - Big Sur 26 Responses  

Gunnison River Near Grand Junction 9152500 
Lower Gunnison 
Dominguez-Escalante 

7 Responses  

Dolores River Near Cisco 9180000 Lower Dolores 48 Responses  

Colorado River Near Cisco 9180500 Hittle Bottom- Moab Daily 35 Responses 

Green River Near Green River WY 9217000 
Green River Whitewater 
Park 

 
6 Responses  

Green River at Jensen 9261000 Split Mountain Canyon 32 Responses  

White River Near Watson 9306500 Lower White 2 Responses  

Green River At Green River UT 9315000 

Desolation-Gray, 
Labyrinth & Stillwater 
Canyons 

 
 
26 Responses  

San Juan River Near Bluff 9379500 Lower San Juan 37 Responses  

 
 For most segments studied, responses provided sufficient information to proceed with 
data analysis and organization.  For both the Green River Whitewater Park, and Lower White 
River Attributes, not enough information was provided to develop FAAI curves.  While 
responses for the Lower Gunnison River were less than 10 in aggregate, most evaluations show 
a high level of agreement, and supported flow-curve development. 
III. Results and Discussion 
  
A. Overall Flow Evaluations 
  
 Mean responses from the overall flow evaluation questions were plotted for each flow 
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level, and connected to create a curve. In most cases, the curves show inverted U shapes 
where low flows and high flows provide low quality recreation conditions, while medium flows 
provide more optimal conditions. Utilizing Flow Acceptability Agreement Index (FAAI) curves, 
the range of acceptable and optimal flows for whitewater boating were identified for most 
segments. Table B summarizes overall flow-evaluations for whitewater boating, including all 
craft-types. 
 

Table C: Acceptable and Optimal Flows for Whitewater Boating  
 

Whitewater Boating Attribute 
 

Minimum 
Flow (cfs) 

Optimal Flows 
(cfs)  

Acceptable Flows 
(cfs)  

Glenwood Springs Playpark & South Canyon 1600 7,000-20,000 1,600-50,000 

Big Sur 20,000 27,500-50,000 20,000-50,000 

Lower Gunnison (Dominguez-Escalante) 900 2,000-12,500 900-15,000 

Lower Dolores River 900 1,800-3,000 900-20,000 

Hittle Bottom & Moab Daily 1800 4,000-15,000 1,800-100,000 

Green River Whitewater Park  Insufficient data  

Split Mountain Canyon 1200 2,500-25,000 1,200-50,000 

Lower White River  Insufficient data  

Desolation-Gray, Labyrinth & Stillwater Canyons 1600 3,000-20,000 1,600-50,000 

Lower San Juan 800 1,400-7,500 800-50,000 

 
 For two study reaches (Green River Whitewater Park (WY), and Lower White River 
(UT)), response numbers were too low and did not provide sufficient data for curve 
development. For all other study segments, where evaluations of higher flows never drop below 
the neutral line, recreation quality may decline but may not drop below acceptable levels. Open 
response questions, discussed in Section B, were used to help identify flows that provide 
minimum, optimal, and high acceptable flows for each segment. 
 

 The Flow Acceptability Agreement Index determines respondent agreement regarding 

the acceptability of each specific flow level (Figures and Tables 1-8, Appendix B). FAAI statistics 
show extremely high agreement levels for optimal flows (FAAI statistics range between 0 
complete agreement, to 1 complete disagreement) while some level of disagreement between 
respondents exists in regard to the range of acceptable flows. The level of disagreement can be 
attributed to variability between craft types, although other factors likely play a role including 
preferred experience and skill levels of respondents. Results show that for most study 
segments, acceptable flows for kayaks may not provide equal value for rafts.   
 
 Table D lists acceptable and optimal flows for both rafts and kayaks to illustrate the 
variability by craft-type. 
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Table D 
Colorado River Basin Segments FAAI Summary 

Minimum, Optimal and Acceptable Flows by Craft-Types 
 

Colorado River 
Basin Segment 

 Minimum Flow 
(CFS) 

Optimal Flows 
(CFS) 

Acceptable Flow 
(CFS) 

Glenwood Park & 
South Canyon 

Raft 1000 2800-16000 1000-25000 

Kayak 1600 12000-25000 1600-50000 

Big Sur  

Raft NA NA NA 

Kayak 20000 25000-50000 20000-50000 

Lower Gunnison 

Raft 800 2000-12500 800-20000 

Kayak NA NA NA 

Lower Dolores 

Raft 1000 2000-4000 1000-20000 

Kayak 800 1400-2500 800-20000 

Moab Daily 

Raft 1800 5000-40000 1800-100000 

Kayak 1800 5000-20000 1800-100000 

Split Mountain 

Raft 1200 4000-25000 1200-50000 

Kayak 1000 2000-20000 1000-50000 

Desolation/Gray 

Raft 1600 5000-20000 1600-50000 

Kayak 1400 4000-30000 1400-50000 

Lower San Juan 

Raft 1000 2000-7500 1000-20000 

Kayak 800 1800-1000 800-20000 

 
  
 For most study segments, respondents reported flows for both rafts and kayaks. Results 
show that for most segments, kayaks identify lower flows as more acceptable than similar flows 
for rafts.  These results are typical for smaller craft-types where lower flows are sufficient for 
acceptable whitewater boating opportunities, while low flows do not provide enough flow for 
larger crafts, like rafts. Results for Glenwood Whitewater Park and South Canyon do not show 
similar results between craft types.  Empirical data describe kayak evaluations as targeting key 
experiences at the Glenwood Wave, while rafting flows were evaluated for a longer downriver 
experience, where lower flows are sufficient for floating through South Canyon. 
 
 
B.  Specific Flow Evaluation 
 
 In order to further refine the overall flow-evaluation curves, a second set of single-flow 
evaluations were presented to survey respondents. For each study segment, survey 
respondents reported a single flow value that provides a distinct paddling experience or “niche” 
along a spectrum: minimum, low, technical, optimal, high challenge, and highest safe flow. 
These “niches” relate stream flow to the full range of whitewater boating opportunities and aid in 
refining the flow-recreation relationship described in each Flow-Curve. Overlaying the specific 
and overall flow-evaluation results is a helpful approach to analyzing the results of specific flow-
evaluations.  
 
 With single preference norms reported as specific flow evaluations, measures of central 
tendency, such as the mean and median, are useful representations of the flow in question. 
Median flow evaluations for each study segment are described in Table E. For comparison, 
mean flow evaluations are summarized in Table F. 
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Table E 
MEDIAN Minimum, Low, Technical, Optimal, High and Maximum Flows  

 

Whitewater Boating 
Attribute 
 

Minimum 
Flow 
(CFS) 

Low 
Flow 
(CFS) 

Technical 
Flow 
(CFS) 

Optimal 
Flow 
(CFS) 

High 
Flow 
(CFS) 

Maximum 
Flow 
CFS) 

1) Glenwood Springs & South 
Canyon 

 
1000 2000 1500 4000 20000 30000 

2) Big Sur 20000 20000 20000 22000 30000 30000 

3) Lower Gunnison 
(Dominguez-Escalante) 

 
700 900 800 3000 9000 15000 

4) Lower Dolores River 700 1000 800 1500 3500 5000 

5) Hittle Bottom & Moab Daily 1200 2000 1600 4000 20000 40000 

- Green River Whitewater Park - - - - - - 

6) Split Mountain Canyon 900 1300 1100 3000 20000 30000 

- Lower White River - - - - - - 

7) Desolation-Gray, Labyrinth 
& Stillwater Canyons 

 
1200 2200 1100 5000 20000 35000 

8) Lower San Juan 650 1000 900 2000 7000 20000 

 
 
 

Table F 
MEAN Minimum, Low, Technical, Optimal, High and Maximum Flows  

 

Whitewater Boating 
Attribute 
 

Minimum 
Flow 
(CFS) 

Low 
Flow 

(CFS) 

Technical 
Flow 
(CFS) 

Optimal 
Flow 
(CFS) 

High 
Flow 

(CFS) 

Maximum 
Flow 
CFS) 

1) Glenwood Springs & South 
Canyon 

 
2281 3412 2502 6009 17624 29175 

2) Big Sur       

3) Lower Gunnison 
(Dominguez-Escalante) 

 
686 1286 1083 2743 9167 14833 

4) Lower Dolores River 783 1048 847 1549 3978 6788 

5) Hittle Bottom & Moab Daily 1379 2588 2029 5372 23933 42306 

- Green River Whitewater Park - - - - - - 

6) Split Mountain Canyon 1053 1745 1346 3843 14603 19089 

- Lower White River - - - - - - 

7) Desolation-Gray, Labyrinth 
& Stillwater Canyons 

 
1354 2757 1633 6631 20857 38181 

8) Lower San Juan 709 1070 930 2594 8050 15432 
Note: mean flow-values have been rounded to the nearest whole number. 

 
 
C.  Discussion 
  
 For most segments, single-flow evaluations are shown to closely mimic relative values 
identified by the FAAI curves for minimum acceptable, optimal, and maximum acceptable flows. 
While differences between mean and median flow evaluations for open-ended responses have 
been established, these values help describe specific flow-dependant “niches” for whitewater 
boating experiences along each FAAI curve. For the Green River Whitewater Park and Lower 
White River attributes, insufficient data provided during the study period precluded analysis of 
FAAI curves, and did not provide enough data to analyze specific flow-evaluations for those 
attributes.  
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 Overlaying the specific and overall flow-evaluation results is a helpful approach to 
analyzing the results of the study. An example of this integration, using the Glenwood Springs 
and South Canyon Attribute is provided in Figure A. Following along the curves for both kayaks 
and rafts, the mean flow identified for minimum whitewater boating, for both craft-types is 1000 
cfs (average of both flow-curves). This is close to the point on the overall flow-evaluation curve 
(Figure 1, Appendix B) where the neutral line between un-acceptable and acceptable valuation 
is crossed. Integrating results from both overall and specific flow-evaluation questions provides 
more information than either format by itself. For more on integrating the results from Overall 
and Specific Flow Evaluations, refer to the Final Report of our Flow-Evaluation Study. 
 
 

Figure A 
Flow Acceptability Curves for Kayaks and Rafts - Glenwood Wave and South Canyon 

 

 
 
IV. Conclusion  
 
 To establish flow ranges for acceptable and optimal recreational opportunities, American 
Whitewater collected and organized personal evaluations of recreational resource conditions, 
and recreation-relevant hydrology, consistent with standard methodologies. An online survey 
conducted in 2011, involved 382 volunteer paddlers representing a range of experience and skill 
level.  
 
 Study respondents were asked to evaluate overall recreation quality for each measured 
flow at each study segment, using a seven-point “acceptability” scale. Using a survey-based 
normative approach, individual evaluations of flows are aggregated into social norms, which 
describe the group’s collective evaluation of those same stream flows. Impact Acceptability 
Curves and the Flow Acceptability Agreement Index were used to help determine minimum, 
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optimal and the range of acceptable flows, and respondent agreement regarding each specific 
flow level. For each of the river segments surveyed, high levels of agreement on optimal flows 
were recorded. Minimum acceptable flows were identified for each segment. For many 
segments, respondents reported no maximum acceptable flow; defining a wide range of 
acceptable flows, up to 100,000 cfs for certain high volume runs.  
 
 Good whitewater conditions require higher flows than those identified as providing 
minimum boatable flows. Good whitewater conditions for each target river segment have been 
identified in this study. For each study segment, the median response for minimum whitewater 
corresponds to the point where the overall flow-evaluation crosses the neutral line. The median 
response for optimal flows however corresponds with the peak of the curve where ratings are 
highest. Overall Flow-evaluation curves are relatively flat at the top of most segments, which is 
attributed to the multiple tolerance norms captured in the study results.  
 
 Whitewater flow-preferences described in this summary report make it possible to 
analyze and evaluate the impacts to whitewater boating under future water supply scenarios 
being developed under the U.S. Bureau of Reclamation’s Colorado River Basin Study. A 
quantitative metric of “boatable days” can be developed using the reported flow-evaluations 
from this study. This metric can aid in developing a relative comparison (boatable days) to 
quantify effects of flow manipulation under various scenarios for future supply and demand 
scenarios in the Colorado River basin.  
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Appendix A – Online Flow-Evaluation Survey 
 
Appendix A presented screen shots of the online flow-evaluation surveys.  To save paper, the 
screen shots have not been reprinted.  The survey can be viewed online at 
http://www.americanwhitewater.org/content/Article/view/articleid/31219/. 

http://www.americanwhitewater.org/content/Article/view/articleid/31219/
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Appendix B – Overall Flow Evaluation Results 
 

Figure 1 
Flow Acceptability Agreement Index Curve for Glenwood Springs and South Canyon 

 (Flows represented are at the USGS Colorado River At Glenwood Springs, CO) 
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Table 1 
Glenwood Springs and South Canyon  

Mean Acceptability Scores and Flow Acceptability Agreement Index 
 

Specific Flow CFS Mean Acceptability FAAI 

100 -2.74 0.06 
200 -2.74 0.06 
300 -2.71 0.06 
400 -2.66 0.08 
500 -2.46 0.08 
600 -2.26 0.08 
700 -1.86 0.11 
800 -1.56 0.20 
900 -1.29 0.27 

1000 -0.77 0.38 
1200 -0.34 0.53 
1400 -0.26 0.55 
1600 0.35 0.50 
1800 0.46 0.46 
2000 1.06 0.31 
2200 1.12 0.30 
2400 1.35 0.29 
2600 1.51 0.30 
2800 1.73 0.27 
3000 1.95 0.19 
3200 2.03 0.19 
3400 2.03 0.19 
3600 2.06 0.21 
3800 2.11 0.21 
4000 2.32 0.18 
4500 2.32 0.19 
5000 2.38 0.18 
6000 2.39 0.19 
7000 2.47 0.19 
8000 2.47 0.19 
9000 2.5 0.20 

10000 2.45 0.22 
12000 2.53 0.23 
14000 2.55 0.24 
16000 2.53 0.23 
18000 2.53 0.25 
20000 2.47 0.29 
25000 2.39 0.33 
30000 1.78 0.54 
50000 1.47 0.61 
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Figure 2 
Flow Acceptability Agreement Index Curve for Big Sur  

(Flows represented are flow levels at USGS Colorado River near Cameo, CO) 
 

 
 

Table 2 
Big Sur Mean Acceptability Scores and  

Flow Acceptability Agreement Index 

Specific Flow CFS Mean Acceptability FAAI 

100 -3 0.00 
500 -3 0.00 

1000 -3 0.00 
1500 -3 0.00 
2000 -3 0.00 
2500 -3 0.00 
3000 -3 0.00 
4000 -2.91 0.00 
5000 -2.86 0.00 

10000 -2.73 0.00 
12500 -2.55 0.03 
15000 -2.18 0.18 
17500 -1.04 0.41 
20000 0.83 0.42 
22500 1.88 0.19 
25000 2.29 0.18 
27500 2.71 0.11 
30000 2.88 0.04 
40000 2.67 0.06 
50000 2.57 0.08 
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Figure 3 
Flow Acceptability Agreement Index Curve for Lower Gunnison 

 (Flows represented are at the USGS Gunnison River Near Grand Junction, CO) 
 

 
Table 3 

Lower Gunnison  
Mean Acceptability Scores and Flow Acceptability Agreement Index 

 

Specific Flow CFS Mean Acceptability FAAI 

100 -3 0.00 
200 -3 0.00 
300 -3 0.00 
400 -2.86 0.00 
500 -2.14 0.00 
600 -1.86 0.10 
700 -0.57 0.38 
800 -0.29 0.48 
900 0.71 0.38 

1000 1.29 0.29 
1200 1.71 0.19 
1400 1.71 0.19 
1600 1.86 0.10 
1800 2 0.10 
2000 2.29 0.00 
2500 2.29 0.05 
3000 2.57 0.10 
4000 2.57 0.14 
5000 2.71 0.19 
7500 2.71 0.24 

10000 2.57 0.29 
12500 2.57 0.33 
15000 2.14 0.38 
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Figure 4 
Flow Acceptability Agreement Index Curve for Lower Dolores (Flows  

represented are flow levels at the USGS Dolores River Near Cisco, CO) 
 

 
 

Table 4 
Lower Dolores  

Mean Acceptability Scores and Flow Acceptability Agreement Index 

Specific Flow CFS Mean Acceptability FAAI 

100 -3 0.00 
200 -2.98 0.00 
300 -2.9 0.00 
400 -2.83 0.02 
500 -2.37 0.05 
600 -1.8 0.11 
700 -1.2 0.16 
800 -0.16 0.42 
900 0.56 0.34 

1000 1.28 0.19 
1200 1.79 0.14 
1400 2.16 0.11 
1600 2.36 0.08 
1800 2.4 0.05 
2000 2.6 0.03 
2500 2.56 0.04 
3000 2.5 0.06 
4000 2.22 0.14 
5000 1.69 0.27 
7500 1.5 0.32 

10000 0.92 0.56 
15000 0.58 0.68 
20000 0.34 0.79 
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Figure 5 
Flow Acceptability Agreement Index Curve for Colorado River above Moab 

(Flows represented are flow levels at the USGS Colorado River Near Cisco, CO) 
 

 
Table 5 

Colorado River above Moab  
Mean Acceptability Scores and Flow Acceptability Agreement Index  

Specific Flow CFS Mean Acceptability FAAI 

100 -3 0.00 
500 -2.91 0.00 
700 -2.63 0.00 
900 -2.13 0.08 

1000 -1.45 0.28 
1200 -1.19 0.29 
1400 -0.67 0.40 
1600 -0.18 0.46 
1800 0.24 0.48 
2000 0.97 0.31 
2500 1.56 0.16 
3000 1.91 0.08 
4000 2.35 0.04 
5000 2.62 0.01 
7500 2.82 0.02 

10000 2.82 0.03 
15000 2.71 0.06 
20000 2.41 0.13 
25000 2.34 0.17 
30000 2.19 0.22 
40000 2.16 0.22 
50000 1.72 0.38 
75000 1.36 0.48 

100000 1.07 0.58 
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Figure 6 
Flow Acceptability Agreement Index Curve for Split Mountain 

(Flows represented are flow levels at USGS Green River at Jensen, UT) 
 

 
 Table 6 

Split Mountain 
Mean Acceptability Scores and Flow Acceptability Agreement Index 

Specific Flow CFS Mean Acceptability FAAI 

100 -3 0.00 
300 -2.78 0.00 
500 -2.57 0.09 
700 -2.09 0.09 
900 -0.87 0.23 

1000 -0.29 0.39 
1200 0.43 0.35 
1400 1.08 0.17 
1600 1.83 0.22 
1800 2 0.06 
2000 2.25 0.03 
2500 2.58 0.04 
3500 2.63 0.04 
4000 2.74 0.06 
5000 2.48 0.15 
7500 2.46 0.15 

10000 2.36 0.20 
15000 2.59 0.15 
20000 2.5 0.25 
30000 2.16 0.37 
40000 1.53 0.51 
50000 1.06 0.65 
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Figure 7 
Flow Acceptability Agreement Index Curve for Desolation and Gray Canyons 
(Flows represented are flow levels at USGS Green River at Green River, UT) 

 

 
Table 7 

Desolation and Gray Canyons  
Mean Acceptability Scores and Flow Acceptability Agreement Index 

Specific Flow CFS Mean Acceptability FAAI 

100 -3 0.00 
300 -3 0.00 
400 -2.94 0.00 
500 -2.88 0.00 
600 -2.63 0.00 
700 -2.41 0.00 
800 -1.82 0.04 
900 -1.41 0.08 

1000 -1.22 0.15 
1200 -0.47 0.36 
1400 -0.06 0.56 
1600 0.47 0.46 
1800 0.71 0.39 
2000 1.35 0.24 
2500 1.61 0.17 
3000 2.05 0.07 
4000 2.33 0.06 
5000 2.68 0.07 
7500 2.68 0.09 

10000 2.84 0.11 
15000 2.68 0.12 
20000 2.47 0.245614 
30000 2.28 0.2777778 
40000 1.59 0.3137255 
50000 1.5 0.3125 
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Figure 8 
Flow Acceptability Agreement Index Curve for Lower San Juan 

(Flows represented are flow levels at the USGS San Juan River Near Bluff, CO) 
 

 
Table 8 

Lower San Juan  
Mean Acceptability Scores and Flow Acceptability Agreement Index  

Specific Flow CFS Mean Acceptability FAAI 

100 -3 0.00 
300 -2.77 0.00 
400 -2.45 0.00 
500 -2.03 0.02 
600 -1.35 0.06 
700 -0.71 0.26 
800 0.12 0.46 
900 0.61 0.34 

1000 1.25 0.17 
1200 1.75 0.13 
1400 2.19 0.09 
1600 2.4 0.04 
1800 2.48 0.04 
2000 2.67 0.02 
2500 2.7 0.03 
3000 2.8 0.02 
4000 2.87 0.03 
5000 2.84 0.06 
7500 2.57 0.15 

10000 2.32 0.21 
15000 2.04 0.17 
20000 1.88 0.19 
30000 2.28 0.28 
40000 1.59 0.31 
50000 1.5 0.31 
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Appendix C 
 
A subset of FERC regulated hydropower projects at which discrete usable boating days 
have been scheduled and/or provided as mitigation for impacts to whitewater boating, 
and/or analyzed as part of a whitewater flow study. 
River Project Name State FERC 

Project # 
COOSA RIVER JORDAN DAM AL 00618 
COOSA RIVER MITCHELL AL 00082 
BUTTE CREEK FORKS OF BUTTE CA 06896 
FEATHER RIVER FEATHER RIVER CA 02100 
KERN RIVER BOREL CA 00382 
KERN RIVER ISABELLA CA 08377 
KERN RIVER KERN CANYON CA 00178 
KERN RIVER KERN RIVER NO 1 CA 01930 
KERN RIVER KERN RIVER NO 3 CA 02290 
KINGS RIVER PINE FLAT CA 02741 
MIDDLE FORK AMERICAN R MIDDLE FORK AMERICAN 

RIVER 
CA 02079 

MIDDLE FORK STANISLAUS 
RIVER 

BEARDSLEY/DONNELLS CA 02005 

N FK KINGS R HAAS-KINGS RIVER CA 01988 
NORTH FORK FEATHER 
RIVER 

POE CA 02107 

NORTH FORK FEATHER 
RIVER 

ROCK CREEK-CRESTA CA 01962 

NORTH FORK FEATHER 
RIVER 

UPPER NORTH FORK 
FEATHER RIVER 

CA 02105 

NORTH FORK MOKELUMNE 
RIVER 

MOKELUMNE RIVER CA 00137 

PIRU CREEK SANTA FELICIA CA 02153 
PIT RIVER MCCLOUD-PIT CA 02106 
PIT RIVER PIT 3, 4, & 5 CA 00233 
PIT RIVER PIT NO. 1 CA 02687 
SAN JOAQUIN R KERCKHOFF CA 00096 
SAN JOAQUIN RIVER BIG CREEK NO 3 CA 00120 
SAN JOAQUIN RIVER BIG CREEK NO 4 CA 02017 
SAN JOAQUIN RIVER BIG CREEK NO.1 & NO.2 CA 02175 
SOUTH FORK AMERICAN R UPPER AMERICAN RIVER CA 02101 
SOUTH FORK AMERICAN 
RIVER 

CHILI BAR CA 02155 

SOUTH FORK FEATHER 
RIVER 

SOUTH FEATHER POWER CA 02088 

SOUTH FORK OF THE 
AMERICAN RIVER 

EL DORADO CA 00184 

SOUTH YUBA RIVER DRUM-SPAULDING CA 02310 
SOUTH YUBA RIVER YUBA-BEAR CA 02266 
STANISLAUS R MIDDLE FORK SAND BAR CA 02975 
STANISLAUS RIVER SPRING GAP-STANISLAUS CA 02130 
WEST BRANCH FEATHER 
RIVER 

DESABLA-CENTERVILLE CA 00803 

TALLULAH RIVER NORTH GEORGIA GA 02354  
BEAR RIVER BEAR RIVER ID 00020 
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DEAD RIVER FLAGSTAFF STORAGE ME 02612 
KENNEBEC RIVER INDIAN POND ME 02142 
MAGALLOWAY RIVER AZISCOHOS [?] ME 04026 
RAPID RIVER UPPER & MIDDLE DAMS 

STORAGE 
ME 11834 

S BR PENOBSCOTT R CANADA FALLS ME   
W BR PENOBSCOT R PENOBSCOT ME 02458 
W BR PENOBSCOT R RIPOGENUS ME 02572 
SWAN RIVER BIGFORK MT 02652 
WEST ROSEBUD CREEK MYSTIC LAKE MT 02301 
PIGEON RIVER WALTERS NC 00432 
TUCKASEGEE RIVER DILLSBORO NC 02602 
WEST FORK TUCKASEGEE 
RIVER 

WEST FORK NC 02686 

NANTAHALA RIVER NANTAHALA NC 02692 
EF TUCKASEGEE EAST FORK NC 02698 
ANDROSCOGGIN RIVER PONTOOK NH 02861 
PEMIGEWASSET RIVER AYERS ISLAND NH 02456 
HOOSIC RIVER HOOSIC NY 02616 
MONGAUP RIVER RIO NY 09690 
MOOSE RIVER MOOSE RIVER NY 04349 
RAQUETTE RIVER [STONE VALLEY REACH] NY   
RAQUETTE RIVER PIERCEFIELD NY 07387 
SACANDAGA RIVER STEWARTS BRIDGE NY 02047 
SALMON R SALMON RIVER NY 11408 
SARANAC RIVER SARANAC RIVER NY 02738 
BEAVER RIVER BEAVER FALLS NY 02593 
BEAVER RIVER BEAVER RIVER NY 02645 
BLACK RIVER GLEN PARK NY 04796 
BEAVER RIVER LOWER BEAVER FALLS NY 02823 
BLACK RIVER WATERTOWN NY 02442 
KLAMATH RIVER KLAMATH OR 02082 
SOUTH FORK ROGUE RIVER PROSPECT NO 3 OR 02337 
SUSQUEHANNA RIVER HOLTWOOD PA 01881 
SALUDA RIVER SALUDA SC 00516 
WATEREE RIVER CATAWBA-WATEREE SC 02232 
LITTLE TENNESSEE RIVER TAPOCO TN 02169 
DEERFIELD RIVER DEERFIELD RIVER VT 02323 
LITTLE RIVER WATERBURY VT 02090 
LAKE CHELAN LAKE CHELAN WA 00637 
SPOKANE RIVER SPOKANE RIVER WA 02545 
SULLIVAN CREEK SULLIVAN LAKE (STORAGE) WA 02225 
SULTAN RIVER HENRY M JACKSON 

(SULTAN) 
WA 02157 

TIETON RIVER TIETON DAM WA 03701 
BLACK RIVER HATFIELD WI 10805 
CHIPPEWA RIVER JIM FALLS WI 02491 
GAULEY RIVER SUMMERSVILLE WV 10813 
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Appendix D3 — Threatened and Endangered 
Species Metrics  

1.0 Introduction 
This appendix describes the methods used to formulate the metrics for the threatened and 
endangered species attribute of interest. The following locations were selected based on existing 
flow recommendations and their compatibility with existing modeling capabilities: the Colorado 
River near Cameo, Colorado (Cameo); Gunnison River near Grand Junction, Colorado (Grand 
Junction); Colorado River near the Colorado-Utah state line (State Line); Yampa River near 
Maybell, Colorado (Maybell); Green River near Greendale, Utah (Greendale); Green River at 
Jensen, Utah (Jensen); Green River at Green River, Utah (Green River, Utah); Duchesne River 
near Randlett, Utah (Randlett); and San Juan River near Bluff, Utah (Bluff). 

All selected locations have existing flow recommendations that specify suggested flows varying 
by month/season and hydrologic year type. The hydrologic year type varies based on the 
hydrologic conditions in the sub-basin as indicated by some reference value—for example, the 
forecasted inflow into a reservoir or the projected flow at a gage. In general, the 
recommendations include a base flow period and a spring peak flow period. In most cases, the 
recommendations are specified at the daily time step, though there are recommendations for 
average monthly flows at several locations. The distinction between the two is important. If the 
recommendations are stated in terms of average monthly flows, they can be directly incorporated 
into the Colorado River Simulation System (CRSS); only Cameo and Maybell have these direct 
monthly recommendations. Although CRSS operates at a monthly time step, recent 
modifications to the model allow for plausible daily flow sequences to be generated at certain 
gage locations. At Greendale, Jensen, and Bluff, the daily recommendations can be directly 
compared to the stochastically generated daily flow sequences. At the remaining locations 
(Grand Junction, State Line, Green River, Utah, and Randlett), the daily flow recommendations 
were approximated as monthly volumes so that CRSS output could be used to evaluate the 
metrics. The methodology section details how the quantified flow targets were estimated for use 
in the Colorado River Basin Study (Study). In the quantified flow targets section, the target 
monthly volumes that were developed are presented.  

2.0 Methodology 
2.1 Direct Use of Monthly Recommendations 
The flow recommendations for Cameo (Osmundson, 2001) and Maybell (Modde and Smith, 
1995) are stated in terms of average monthly flow rates; therefore, they can be directly 
incorporated into a monthly time step model without any additional modifications. The monthly 
recommendations are presented in a later section. 

2.2 Monthly Approximations of Daily Recommendations 
At locations where flow recommendations are expressed as daily values and where CRSS 
does not have the ability to produce daily flow sequences, historical gage data were 



Colorado River Basin 
Water Supply and Demand Study 
 
 

D3-2 December 2012 

used to create an estimated daily flow sequence. This daily flow sequence was then 
converted to a monthly volume, as described in detail below. 

Although the details of the flow recommendations vary between locations, they have many 
common elements. The flow recommendations are expressed as target ranges for the rate and/or 
the duration of flow, for example, 7 to 10 days at 3,000 to 3,500 cubic feet per second (cfs). Low 
and high target volumes were developed, which use the lower and upper bounds of the ranges, 
respectively. Additionally, flow recommendations define different hydrologic year types. 
Typically, the hydrologic year types are defined by the exceedance probability of the current 
year’s forecasted runoff conditions compared to the historical record1. The flow 
recommendations vary between year types to resemble the natural variability, so for each 
location there are low and high target volumes for every month and every hydrologic year type. 
Because the timing of the peak runoff varies between years, the monthly targets for April 
through July are combined for an overall spring target volume. The peak flow recommendations 
are typically for 1 to 4 weeks of the April through July period, so historical gage data are used as 
the pattern for the ascending and descending limbs of the hydrograph. The following steps 
outline the procedure to develop the monthly flow targets, which were repeated at each location.  

1. Obtain all historical, daily gage data.  

2. Rank each year based on annual (water year) volume. 

Compute the exceedance for each year as: 
𝐸𝑥𝑐𝑒𝑒𝑑𝑎𝑛𝑐𝑒 =  

𝑚
𝑛 + 1

 
where m = rank and n = the number of years in the record 

3. Categorize each year based on the exceedance percentages of each hydrologic year type.  

4. Depending on location, between 4 and 6 year types can exist2. 

5. Compute the average daily flow for each hydrologic year type from April 1 through July 31. 

6. Assign a daily flow rate for each day as follows: 

a. During the base flow period, assign the minimum target base flow from the respective 
flow recommendation (Figure D3-1). 

b. Using the peak flow date as the center of the hydrograph, assign each day’s flow as 
the minimum target flow for the minimum number of days in the respective flow 
recommendation: 

i. Denote the start day of this peak target as 𝑃𝑠𝑡𝑎𝑟𝑡  and the ending day as 𝑃𝑒𝑛𝑑 
(Figure D3-1). 

                                                      
1 The year types are dependent on the length of the historical record. As such, the flows presented here may differ 

from the flow recommendations that exist for regulatory purposes. The inclusion of these approximated flows 
should not in any way change or affect the flow recommendations that are used for regulatory purposes. 

2 The number of year types varies among locations because the respective flow recommendation documents do not 
use the same number of year types at all locations. The method here uses the same year types as the respective 
documentation. 
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c. Starting on April 1 and going through , assign each daily flow as the maximum 
of the base flow tar

𝑃

g

𝑒

et

𝑛𝑑

 and the average daily flow (from step 5) for the current day: 

i. Repeat for  through July 31. 

7. Sum the daily flows for each month. 

8. Sum the monthly volumes for April through July. 

9. This results in the “low” target monthly and seasonal volumes. 

10. Repeat steps 6 to 8 selecting the maximum target flows and the maximum number of days at 
the target flows to compute the “high” monthly targets. 

11. Repeat steps 6 to 10 for each hydrologic year type. 

FIGURE D3-1 
April through July Flow Schematic 
Historical average daily flow is modified to meet the low and high base flow and peak flow recommendations.  
The peak flow recommendations are centered on the single day peak of the average daily flow.  

𝑃𝑠𝑡𝑎𝑟𝑡
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2.3 Direct Use of Daily Recommendations 
Model upgrades allow for daily flow recommendations to be directly used as metrics at several 
locations within the Colorado River Basin. The operating rules within CRSS for Flaming Gorge 



Colorado River Basin 
Water Supply and Demand Study 
 
 

D3-4 December 2012 

and Navajo were updated to reflect the recent Records of Decision (Bureau of Reclamation 
[Reclamation], 2006a, 2006b) which modify the reservoir operations to help meet the respective 
flow recommendations below both reservoirs. The peak flow targets below both reservoirs are 
daily in nature, for example, 7 days at 18,600 cfs. Therefore, to adequately reflect the true 
operations of the reservoirs, CRSS aggregates daily operations to a total monthly volume 
released from the reservoirs. In doing so, the daily releases are stored in the CRSS results and 
can be compared with the daily flow recommendations during the peak flow period. 
Additionally, the flow requirements below both reservoirs are for locations that aggregate 
reservoir releases with other tributary inflows. Daily tributary flows are stochastically generated 
from monthly volumes in the model to produce a plausible daily tributary flow sequence for the 
peak flow period (April through July). When the tributary flows are combined with the reservoir 
releases, this total flow can be directly compared to the daily flow recommendations (Butler, 
2011). The daily flow sequences are not intended to be predictive; rather, in the framework of the 
probabilistic nature of CRSS, they produce a plausible daily flow sequence and provide 
variability in the daily flows for each model run. Average monthly releases are used during the 
base flow periods (August through March) because the reservoir releases are relatively constant 
during these periods. 

3.0 Quantified Flow Targets 
The direct monthly and daily flow recommendations are presented in the following sections. The 
computed monthly volumes for the monthly approximations of daily recommendations are also 
provided.  

3.1 Direct Use of Monthly Recommendations 
The flow recommendations from Osmundson (2001) are used directly for the threatened and 
endangered species metric at Cameo. Table D3-1 presents these recommendations.  
TABLE D3-1 
Average Monthly Flow Recommendations, in cfs, for the Colorado River near Cameo, Colorado  

Category Dry 
Below 

Average 
Above 

Average Wet 
Rate 20% 30% 25% 25% 

Exceedance 81–100% 51–80% 26–50% 0–25% 
January 1,555 1,600 1,600 1,600 

February 1,555 1,600 1,600 1,600 

March 1,555 1,600 1,600 1,600 

April 3,010 3,410 3,590 4,360 

May 8,710 9,160 10,530 12,170 

June 8,350 12,850 15,750 17,160 

July 2,980 4,650 6,870 8,560 

August 2,460 2,890 3,280 3,280 

September 2,460 2,890 3,280 3,280 

October 2,460 2,890 3,280 3,280 

November 1,555 1,600 1,600 1,600 

December 1,555 1,600 1,600 1,600 
Source: Osmundson, 2001 



Appendix D3 — Threatened and 
Endangered Species Metrics 

 
 

December 2012 D3-5 

For the Yampa River near Maybell, Colorado, Modde and Smith (1995) and the subsequent 
Yampa River Programmatic Biological Opinion (U.S. Fish and Wildlife Service [USFWS], 2005 
and 2008) recommend baseflows ranging from 120 cfs to 134 cfs throughout the year. Given the 
spatial and temporal scale of CRSS, the model will not be able to meaningfully distinguish 
between this range. For this reason, the Study assumed a baseflow target of 120 cfs for this 
metric. 

3.2 Monthly Approximations of Daily Recommendations 
After following the procedure described earlier for Grand Junction, State Line, Green River, 
Utah, and Randlett, the following volumetric targets were developed. The low targets for 
Grand Junction were developed from USFWS data (2009), and the high targets were developed 
from the upper bounds found in McAda (2003); the Grand Junction targets are presented in 
table D3-2. Table D3-3 presents the high and low targets for the State Line, both of which were 
developed from McAda (2003). Table D3-4 shows the high and low targets for Green River, 
Utah, which were developed based on the ranges in Reclamation (2005). Table D3-5 presents the 
monthly approximations for the Randlett flow recommendations from Modde and Keleher 
(2003).  

The goal of aggregating the April through July flow targets was to capture the runoff volume in 
one target. The historical data show that the runoff tends to occur earlier in drier years than in the 
wetter years for the Duchesne River near Randlett. To reflect this, the runoff volume was 
aggregated from March through June in dry and average years and the wet and extremely wet 
years were aggregated from April through July. 

3.3 Direct Use of Daily Recommendations 
The flow targets for Greendale, Jensen, and Bluff are presented in this section. Because CRSS 
can produce daily flow values at these sites, the tables presented are identical to those in the 
documents that establish the recommended flows. Table D3-6 presents both the base flow and 
peak flow recommendations for Greendale, and   
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Table D3-7 presents the recommendations for Jensen. Table D3-8 presents the peak flow 
recommendations for Bluff. The base flow recommendations below Navajo are stated to be 500 
to 1,000 cfs using a three-gage average (Reclamation, 2006c). Due to modeling constraints, Bluff 
is the only gage available below Navajo. It is assumed that if the base flow is met at Bluff, then 
the base flow recommendation is met (Butler, 2011). 
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TABLE D3-2 
Low and High Monthly Approximations (acre-feet [af]) of Flow Recommendations for the Gunnison River near Grand 
Junction, Colorado 

Year Type 
Exceedance 

Dry 
90–100% 

Moderately Dry 
70–90% 

Average Dry 
50–70% 

Low High Low High Low High 

January 46,116 64,562 46,116 64,562 64,562 122,975 

February 41,653 58,314 41,653 58,314 58,314 111,074 

March 48,575 64,562 48,575 64,562 64,562 122,975 

April–July 346,518 349,836 652,198 718,906 920,874 971,017 

August 54,724 64,562 64,562 64,562 64,562 122,975 

September 52,959 62,479 52,959 62,479 62,479 119,008 

October 48,575 64,562 48,575 64,562 64,562 122,975 

November 47,008 62,479 47,008 62,479 62,479 119,008 

December 46,116 64,562 46,116 64,562 64,562 122,975 

Year Type 
Exceedance 

Average Wet 
30–50% 

Moderately Wet 
10–30% 

Wet 
0–10% 

Low High Low High Low High 

January 64,562 122,975 64,562 153,719 64,562 153,719 

February 58,314 111,074 58,314 138,843 58,314 138,843 

March 64,562 122,975 64,562 153,719 64,562 153,719 

April–July 1,320,185 1,339,779 1,621,987 1,734,757 1,800,077 2,091,909 

August 64,562 122,975 92,231 153,719 92,231 153,719 

September 62,479 119,008 62,479 148,760 62,479 148,760 

October 64,562 122,975 64,562 153,719 64,562 153,719 

November 62,479 119,008 62,479 148,760 62,479 148,760 

December 64,562 122,975 64,562 153,719 64,562 153,719 
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TABLE D3-3 
Low and High Monthly Approximations (af) of Flow Recommendations for the Colorado River near the Colorado-Utah State Line 

Year Type 
Exceedance 

Dry 
90–100% 

Moderately Dry 
70–90% 

Average Dry 
50–70% 

  Low High Low High Low High 

January 110,678 110,678 153,719 245,950 153,719 245,950 

February 99,967 99,967 138,843 222,149 138,843 222,149 

March 110,678 110,678 153,719 245,950 153,719 245,950 

April–July 870,512 882,380 1,511,575 1,727,954 2,102,851 2,240,154 

August 110,678 110,678 153,719 245,950 153,719 245,950 

September 107,107 107,107 148,760 238,017 148,760 238,017 

October 110,678 110,678 153,719 245,950 153,719 245,950 

November 107,107 107,107 148,760 238,017 148,760 238,017 

December 110,678 110,678 153,719 245,950 153,719 245,950 

Year Type 
Exceedance 

Average Wet 
30–50% 

Moderately Wet 
10–30% 

Wet 
0–10% 

 Low High Low High Low High 

January 184,463 295,140 184,463 295,140 184,463 368,926 

February 166,612 266,579 166,612 266,579 166,612 333,223 

March 184,463 295,140 184,463 295,140 184,463 368,926 

April–July 3,008,537 3,228,714 4,095,964 4,220,322 4,843,930 5,270,515 

August 184,463 295,140 184,463 295,140 184,463 368,926 

September 178,512 285,620 178,512 285,620 178,512 357,025 

October 184,463 295,140 184,463 295,140 184,463 368,926 

November 178,512 285,620 178,512 285,620 178,512 357,025 

December 184,463 295,140 184,463 295,140 184,463 368,926 
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TABLE D3-4 
Low and High Monthly Approximations (af) of Flow Recommendations for the Green River at Green River, Utah. 

Year Type 
Exceedance 

Dry 
90–100% 

Moderately Dry 
70–90% 

Average 
30–70% 

  Low High Low High Low High 

January 79,934 159,868 92,231 209,058 110,678 258,248 

February 72,198 144,397 83,306 188,826 99,967 233,256 

March 79,934 159,868 92,231 209,058 110,678 258,248 

April–July 1,092,416 1,144,000 1,728,100 1,755,882 2,827,360 2,893,744 

August 79,934 159,868 92,231 209,058 110,678 258,248 

September 77,355 154,711 89,256 202,314 107,107 249,917 

October 79,934 159,868 92,231 209,058 110,678 258,248 

November 77,355 154,711 89,256 202,314 107,107 249,917 

December 79,934 159,868 92,231 209,058 110,678 258,248 

Year Type 
Exceedance 

 Moderately Wet 
10–30% 

Wet 
0–10% 

   Low High Low High 

January   166,017 288,992 196,760 288,992 

February   149,950 261,025 177,719 261,025 

March   166,017 288,992 196,760 288,992 

April–July   3,813,639 3,813,639 4,699,530 4,699,530 

August   166,017 288,992 196,760 288,992 

September   160,661 279,669 190,413 279,669 

October   166,017 288,992 196,760 288,992 

November   160,661 279,669 190,413 279,669 

December   166,017 288,992 196,760 288,992 
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TABLE D3-5 
Monthly Approximations (af) of Flow Recommendations for the Duchesne River near Randlett, Utah 

Year Type 
Exceedance 

Dry 
70–100% 

Average 
40–70% 

Wet 
10–40% 

Extremely Wet 
0–10% 

January 3,074 3,074 7,071 7,071 

February 2,777 2,777 6,387 6,387 

March 

47,619 173,642 

7,071 7,071 

April 

368,554 534,897 
May 

June 

July 3,074 3,074 

August 3,074 3,074 7,071 7,071 

September 2,975 2,975 6,843 6,843 

October 3,074 3,074 7,071 7,071 

November 2,975 2,975 6,843 6,843 

December 3,074 3,074 7,071 7,071 

 
 

TABLE D3-6 
Flow Recommendations for Green River near Greendale, Utah  

Year Type 
Exceedance 

Dry 
90–100% 

Moderately Dry 
70–90% 

Average 
30–70% 

Moderately Wet 
10–30% 

Wet 
0–10% 

Maximum Spring 
Peak Flow (cfs) 

4,600 4,600 4,600 4,600 8,600 

Peak Flow Duration Depends on inflows into the Green River and the flows needed to achieve 
recommended flows at Jensen and Green River, Utah 

Summer-to-Winter 
Base Flow (cfs) 

800– 
1,000 

800–1,300 800–2,200 1,500–2,600 1,800–2,700 

Source: Reclamation, 2005 
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TABLE D3-7 
Flow Recommendations for Green River near Jensen, Utah 

Year Type 
Dry 

90–100% 
Moderately Dry 

70–90% 
Average 
30–70% 

Moderately Wet 
10–30% 

Wet 
0–10% 

Max Spring 
Peak Flow 
(cfs) 

8,300 8,300 18,6001; 8,3002 20,300 26,400 

Peak Flow 
Duration 

Flows greater than 
8,300 cfs should 
be maintained for 
2 days or more 
except in 
extremely dry 
years (98% 
exceedance). 

Flows greater than 
8,300 cfs should 
be maintained for 
at least 1 week 

Flows greater 
than 18,600 cfs 
should be 
maintained for 2 
weeks in at least 
1 of 4 average 
years. 

Flows greater 
than 18,600 cfs 
should be 
maintained for 2 
weeks or more. 

Flows greater 
than 22,700 cfs 
should be 
maintained for 2 
weeks or more 
and flows 
greater than 
18,600 cfs for 4 
weeks or more. 

Summer-to-
Winter Base 
Flow (cfs) 

900–1,100 1,100–1,500 1,500–2,400 2,400–2,800 2,800–3,000 

Source: (Reclamation, 2005) 
1 Recommended flows: 18,600 cfs in 1 of 2 average years. 
2 Recommended flows: 8,300 cfs in other average years. 
 

TABLE D3-8 
Peak Flow Recommendations for the San Juan River near Bluff, Utah  

Target Peak Flow 
(cfs) 

Minimum 
Duration 

(days) 
Frequency 

Maximum interval 
between occurrences 

(years) 

> 10,000 5 20% 11 

> 8,000 10 33% 7 

> 5,000 21 50% 5 

> 2,500 10 80% 3 

Source: Reclamation, 2006b 
 

4.0 Summary 
The flow targets presented here were included in CRSS to track the threatened and endangered 
species attribute of interest at the discussed locations. The monthly approximations of the daily 
flow targets are neither prescriptive in nature nor an interpretation of a flow need. Rather, they 
are coarse approximations of the cited flow recommendations developed to fit into the available 
modeling resources. All target flows are well suited to compare how flow metrics perform across 
scenarios, although they are not meant to identify specific years in the future that flow targets are 
or are not met.  
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Appendix D4 — Cottonwood Recruitment 
Metrics 

1.0 Introduction 
This appendix describes the method used to implement the cottonwood recruitment metric for 
the aquatic and riparian habitats attribute of interest. The metric is used because healthy 
cottonwood stands are an indicator of healthy riparian systems and the many species that depend 
on them; recruitment of new cottonwoods is important in maintaining cottonwood stands as older 
trees die. As described in Mahoney and Rood (1998), a successful recruitment event is dependent 
on four main variables: timing of peak flow, the river stage corresponding to the peak flow, the 
rate of decline from when the peak flow occurs to when the peak has attenuated, and a flood 
magnitude large enough to create appropriate seed beds for the cottonwood seeds. It is also 
estimated that a recruitment event should occur about once every 5 to 10 years to maintain a 
healthy cottonwood stand. Each of these variables has biological importance in the recruitment 
process, and the metric aims to represent these criteria. 

For cottonwood recruitment to take place, many processes must properly align. The recruitment 
events rely on hydrological processes to prepare the seed beds and maintain proper water levels 
for the growing seedlings. A large flood magnitude creates the appropriate seed beds: bare, 
moist sites above the base flow stage of the river (Scott et al., 1997). Research suggests that a 
1 in 5-year to 1 in 10-year flood event is associated with successful recruitment in the Rocky 
Mountain region (Mahoney and Rood, 1998). D4-1 depicts each of the remaining criteria. The 
peak flow should also properly coincide with seed dispersal (late May through July in most of 
the western United States) and reach a stage high enough to wet the elevation at which 
cottonwoods grow. Typically, cottonwood stands are established about 2 to 5 feet above the base 
flow stage elevation of the stream. Finally, the receding limb should decline slowly enough that a 
seedling’s growing roots maintain contact with the water table or, more specifically, with freely 
available water in the phreatic zone and capillary fringe above this zone as both recede through 
the summer. Studies document cottonwoods surviving with the water table dropping about 1 inch 
per day. The occurrence of all the above conditions are required to create the opportunity for a 
successful recruitment event. The following section describes the translation of these criteria to 
parameters that can be modeled as best as possible given current limitations posed by the 
monthly time-step in the Colorado River Simulation System (CRSS). The approach described 
below cannot replace a site-specific study on a reach. The recruitment process is complex, and 
site-specific studies are important to accurately identify the conditions that support recruitment at 
each individual location. 
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FIGURE D4-1 
The Timing, Stage Height, and Rate of Decline Criteria for Positive Recruitment Conditions 

 
Source: Mahoney and Rood, 1998. 

2.0 Methodology 
The four criteria that must be met for cottonwood recruitment to be possible were approximated 
for use in CRSS. The four approximate criteria that were used to identify positive conditions and 
the process they represent are as follows: 

• April through July volume with a 5-year return period:  

– Assumed from the 1 in 5-year to 1 in 10-year range 

– The 5-year flood event was determined based on the April through July volume for each 
year from historical gage data. Although peak instantaneous flow is typically used to 
characterize the 5-year flood (Scott et al., 1997), only monthly data are available in 
CRSS.  

• The peak monthly volume should occur in May or June: 

– Because the peak instantaneous flow typically occurs in the month with the peak monthly 
volume, this approximates that the peak occurs when seeds are dispersed.  

• The stage must reach at least 4 feet above the average base flow stage elevation: 

– Assumed from the 2 to 5 feet range. 

• Stage should drop by no more than 2.5 feet per month: 

– 1 inch per day converted to a monthly rate.  
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Using the above criteria that must be met, the following steps list the procedure for determining 
if all four criteria are met within the CRSS modeling framework: 

1. Compute 𝑆�̅�𝑜𝑤 (the average base flow stage) from historical gage data and a stage-flow table. 

2. Compute 𝑄5: the magnitude of an April through July volume with a return period of 5 years. 

3. Check that the peak monthly volume occurs in May or June. 

4. If it does not, the remaining criteria do not need to be checked. 

5. Is 𝑞𝐴𝑝𝑟−𝐽𝑢𝑙  (modeled April through July volume) ≥ 𝑄5? 

6. If it is not, the remaining criteria do not need to be checked. 

7. Is 𝑆𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (the modeled stage in the current month) ≥ 𝑆�̅�𝑜𝑤 +  4′? 

8. If it is not, the remaining criterion does not need to be checked. 

9. Is 𝑆𝑐𝑢𝑟𝑟𝑒𝑛𝑡+1 𝑚𝑜𝑛𝑡ℎ ≥  𝑆𝑚𝑎𝑥 − 2.5′ and 𝑆𝑐𝑢𝑟𝑟𝑒𝑛𝑡+2𝑚𝑜𝑛𝑡ℎ𝑠 ≥  𝑆𝑐𝑢𝑟𝑟𝑒𝑛𝑡+1 𝑚𝑜𝑛𝑡ℎ − 2.5′? 

10. If (3), (5), (7), and (9) are all true, then positive conditions exist for cottonwood recruitment. 

Note that whenever stage is referenced, the modeled flow is converted to an elevation using a 
stage-flow table. 

 
The above procedures identify which years have positive conditions. It is estimated that these 
positive conditions should occur approximately once every 10 years. The frequency with which 
the positive conditions occur were compared across scenarios and to the estimated need of 
occurring once every 10 years. 

3.0 Summary 
The biological processes that are necessary for cottonwood recruitment had to be approximated 
for use in a monthly time-step, Colorado River Basin-scale planning model. When all four 
conditions are met, the conditions are such that recruitment could take place, although 
recruitment is not guaranteed. Therefore, the metric should not be used to identify specific years 
in the future that recruitment will occur; rather, it is used to compare the frequency with which 
the recruitment could take place across scenarios. Furthermore, the variability (or lack of) in the 
metric’s results could be as much due to the coarseness of approximations as the differences 
between scenarios. That is, if the metric shows there is no change to the frequency of the 
favorable recruitment conditions between two scenarios, it is unclear if there are truly no 
differences between scenarios, or if the metric is not sensitive enough to identify the subtle 
differences between scenarios. Furthermore, this approach does not replace the benefits of site-
specific studies on these reaches. The recruitment process is complex, and site-specific studies 
are important to accurately identify the conditions that support recruitment at each individual 
location.  
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Appendix D5 — Estimated Conditions for 
Flow-Dependent Ecological Systems 
1.0 Introduction 
The Nature Conservancy (TNC) developed approximations of flow conditions to support 
ecological systems for the Yampa River near Maybell, Colorado (Maybell), Yampa River near 
Deerlodge Park, Colorado (Deerlodge Park), and the Little Snake River near Lily, Colorado 
(Lily). These quantifications are based on TNC’s interpretation of how the Yampa River 
Programmatic Biological Opinion (PBO) (U.S. Fish and Wildlife Service [USFWS], 2005) could 
be expanded to quantify flow conditions for the full flow regime for Maybell and two additional 
locations in the Yampa River Basin: Deerlodge Park and Lily. It should be noted that these 
quantifications are not required under the PBO.  

Additionally, TNC developed approximations of flow conditions to support ecological systems at 
White River near Watson, Utah. These quantifications include estimated flow conditions based 
on USFWS flow recommendations that are currently under development through the Upper 
Colorado River Endangered Fish Recovery Program. 

The methodology section describes how the monthly flow conditions were quantified, and the 
results of these quantifications are presented in the section on estimated flow conditions. 

2.0 Methodology 
2.1 Yampa River Basin 
The PBO covers specified levels of future increases in water use through 2045 within the Yampa 
River Basin. The methodology described here assumes that depletions from the Yampa River 
expand to these levels by the year 2045. The range of simulated future flows in the river, 
assuming historical hydrology and the specified future depeltions, are the basis for computing the 
estimated flows for ecological systems. The additional depletions specified in the PBO include 
23,428 acre-feet (af) above Lily and 30,104 af above Maybell, for a total of 53,532 af above 
Deerlodge Park. The year-round flows are estimated for the entire Yampa River Basin (at the 
Maybell, Lily and Deerlodge Park gages), while ensuring that the base flow target at Maybell 
(USFWS, 2008) is met. The method used to develop the estimated flow targets is detailed below. 

TNC used the 2009 update to the State of Colorado’s Statemod1 model to simulate future flows 
within the Yampa River Basin which formed the basis of estimating the year-round flows for 
ecological systems. The model was run using data representing the depletions specified in the 
PBO (2045-level demands) and assumed future flows according to the historical 84-year period 
1922 to 20052 to simulate flows in the year 2045. The following steps were then taken to develop 
flow targets based on model results from the Statemod simulations: 

                                                      
1 Statemod is the State of Colorado’s surface water allocation and accounting model. 
2 Statemod results are sensitive to the chosen period of record, and as such, any resulting estimated flow condition 

would require further analysis to quantify this sensitivity.  
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1. Sum all simulated monthly flows in 2045 at Deerlodge to compute annual total 
volumes. Rank the annual volumes to determine the probability of exceedance and 
classify each year as shown in table D5-1. The years are separated by exceedance 
level to allow the flow targets to vary based on hydrologic year type.  

TABLE D5-1 
Probability of Exceedance 

Year Type Probability of Exceedance 

Wet 0–10% 

Moderately Wet 10–30% 

Average 30–70% 

Moderately Dry 70–90% 

Dry 90–100% 

2. Retrieve the simulated shortages in 2045 above each gage.  

3. Adjust the simulated flow in 2045 to assume no shortages will occur (for each month 
at each gage) as: 2045 simulated flow at the gage minus the 2045 shortage from (2) 
above the gage3. Adjusted flow must be > 0. 

4. Further adjust monthly flows computed in (3) to ensure that base flows at Maybell are 
at least equal to 120 cubic feet per second4.  

5. Average all simulated then further adjusted flows (4) within a given year type, then 
aggregate the April through July flows to a total runoff-season target. Targets for a 
particular month do not always increase from dry to wet year types due to the 
elimination of negatives in (3). 

2.2 White River 
The Upper Colorado River Endangered Fish Recovery Program is in the process of developing 
flow recommendations for the White River near Watson, Utah. The current draft flow 
recommendations include daily targets. These draft recommendations were aggregated to 
monthly flow targets consistent with methods used for the monthly approximations of daily 
recommendations for the threatened and endangered species attribute of interest appendix D3. 

3.0 Estimated Flow Conditions 
The monthly estimated flow conditions for Maybell, Lily, and Deerlodge Park are presented in 
tables D5-2, D5-3, and D5-4, respectively. Table D5-5 lists the targets for the White River near 
Watson. The purpose of aggregating the April through July flow targets was to capture the runoff 
volume in one target value. 
  

                                                      
3 Shortages are subtracted to follow the assumption in the PBO that they will be satisfied in 2045 and decrease the 

remaining flow. 
4 See appendix D3 for the simplification of the base flow targets at Maybell. The base flow targets at Maybell are 

assumed to extend downstream to Deerlodge Park in this quantification. 
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TABLE D5-2 
Estimated Flow Conditions (af) for the Yampa River near Maybell, Colorado 

Category 
Exceedance 

Dry 
90–100% 

Moderately Dry 
70–90% 

Average 
30–70% 

Moderately Wet 
10–30% 

Wet 
0–10% 

January 9,248 10,915 13,635 14,374 22,341 
February 13,489 13,684 16,243 16,548 25,824 
March 25,180 40,997 36,046 44,670 73,206 
April–July 368,981 604,472 870,646 1,179,492 1,458,585 
August 7,379 7,379 8,438 16,316 31,482 
September 7,141 7,141 7,141 7,141 23,472 
October 8,320 13,101 15,444 17,028 31,916 
November 11,895 15,588 16,541 16,913 30,254 
December 8,580 12,960 14,819 15,687 22,470 

 

TABLE D5-3 
Estimated Flow Conditions (af) for the Little Snake River near Lily, Colorado 

Category 
Exceedance 

Dry 
90–100% 

Moderately Dry 
70–90% 

Average 
30–70% 

Moderately Wet 
10–30% 

Wet 
0–10% 

January 2,758 3,983 5,330 6,065 7,823 
February 4,121 5,236 6,054 7,517 10,938 
March 12,416 22,196 19,732 26,924 33,688 
April–July 100,287 199,559 318,873 444,742 530,698 
August 564 1,146 2,386 2,240 6,320 
September 361 900 1,230 2,277 6,492 
October 1,288 3,824 6,145 7,635 11,981 
November 3,813 4,833 7,170 8,469 11,153 
December 3,752 4,809 6,258 7,155 8,399 

TABLE D5-4 
Estimated Flow Conditions (af) for the Yampa River near Deerlodge Park, Colorado 

Category 
Exceedance 

Dry 
90–100% 

Moderately Dry 
70–90% 

Average 
30–70% 

Moderately Wet 
10–30% 

Wet 
0–10% 

January 11,861 13,865 17,671 19,068 31,769 
February 17,891 17,449 21,844 22,255 39,675 
March 34,061 56,019 49,568 61,300 118,118 
April–July 457,535 772,084 1,150,079 1,570,554 1,993,638 
August 7,379 7,379 11,635 22,697 44,258 
September 7,141 7,141 7,141 8,248 29,901 
October 11,900 18,890 21,818 24,363 44,280 
November 16,910 21,537 23,487 24,244 44,678 
December 12,307 17,989 20,964 22,272 32,739 
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TABLE D5-5 
Estimated Flow Conditions (af) for the White River near Watson, Utah 

Category 
Exceedance 

Dry 
90–100% 

Moderately Dry 
70–90% 

Average 
30–70% 

Moderately Wet 
10–30% 

Wet 
0–10% 

January 18,447 18,453 19,051 22,605 25,365 
February 16,661 19,128 18,656 25,483 28,397 
March 18,447 21,521 24,595 30,744 36,777 
April–July 120,233 203,189 237,841 362,771 503,589 
August 12,348 19,005 21,916 30,437 36,893 
September 16,618 18,926 19,122 27,537 35,703 
October 18,447 21,521 22,608 30,623 35,860 
November 17,852 20,803 20,377 27,409 32,372 
December 18,284 18,797 18,878 24,223 25,021 
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Appendix D6 — Estimated Conditions for 
Upper Basin Wildlife Refuges 

1.0 Introduction 

The Seedskadee, Browns Park, and Ouray National Wildlife Refuges (NWR), located in the 

Upper Basin, hold water rights that help to preserve the health of those refuges. The refuges’ 

water rights are typically diversion rights, and the Colorado River Simulation System has the 

ability to track whether the requested diversion amount is present in reaches approximating the 

locations of the Upper Basin NWRs. The following sections present the method to estimate the 

flow conditions for the NWRs and the resulting estimated conditions.  

2.0 Methodology 

Historically, the NWRs’ diversions vary annually based on hydrologic conditions, so for each 

refuge, the estimated conditions vary with hydrologic year type. The estimated diversions were 

developed based on the NWRs’ state water rights and historical diversion records. 

Approximately 20 years of annual water usage reports from the refuges maintained by the 

U.S. Fish and Wildlife Service were used to develop the estimated diversions. Monthly diversion 

records or a total annual diversion amount were reported in the water usage reports, depending 

on refuge and year. The full record of annual diversion amounts were ranked and then separated 

by exceedance probability to come up with diversion needs that vary with hydrologic year type. 

Wet, moderately wet, average, and dry year types were defined as 0 to 10 percent, 10 to 

30 percent, 30 to 70 percent, and 70 to 100 percent exceedance probabilities, respectively. The 

full diversion right was used as the annual need in wet years. For other year types, the annual 

diversion amount was determined based on the middle exceedance probability for that year 

type—for example, the year with a 20 percent exceedance probability for the average wet year. 

Monthly needs were then computed based on the average historical monthly diversion pattern. 

3.0 Estimated Conditions 

The estimated conditions for Seedskadee, Browns Park, and Ouray NWRs are listed in 

tables D6-1, D6-2, and D6-3, respectively. 
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TABLE D6-1 

Estimated Conditions (acre-feet [af] per month) for the Seedskadee NWR 

Year Type 

Exceedance 

Dry 

100–70% 

Average 

70–30% 

Moderately Wet 

30–10% 

Wet 

10–0% 

January 250 300 360 700 

February 250 300 360 700 

March 1,300 1,700 1,900 3,650 

April 1,600 2,000 2,300 4,450 

May 2,060 2,550 2,700 5,700 

June 1,640 2,040 2,330 4,600 

July 900 1,150 1,300 2,500 

August 700 850 1,200 2,200 

September 850 1,000 1,200 2,200 

October 450 570 650 1,300 

November 0 0 0 0 

December 0 0 0 0 

Annual 10,000 12,460 14,300 28,000 

 

TABLE D6-2 

Estimated Conditions (af per month) for the Browns Park NWR 

Year Type 

Exceedance 

Dry 

100–70% 

Average 

70–30% 

Moderately Wet 

30–10% 

Wet 

10–0% 

January 90 130 200 320 

February 90 130 200 310 

March 460 680 1,100 1,615 

April 560 830 1,300 1,970 

May 720 1,070 1,700 2,520 

June 570 850 1,340 2,020 

July 320 480 750 1,130 

August 240 360 570 855 

September 220 330 520 800 

October 230 340 520 810 

November 0 0 0 0 

December 0 0 0 0 

Annual 3,500 5,200 8,200 12,350 
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TABLE D6-3 

Estimated Conditions (af per month) for the Ouray NWR 

Year Type 

Exceedance 

Dry 

100–70% 

Average 

70–30% 

Moderately Wet 

30–10% 

Wet 

10–0% 

January 0 0 0 0 

February 0 0 0 0 

March 600 1,100 1,500 2,000 

April 800 1,200 1,100 2,300 

May 2,500 4,500 6,500 8,800 

June 800 1,200 1,500 2,200 

July 600 1,100 1,500 2,100 

August 600 1,100 1,500 2,050 

September 600 1,100 1,500 2,000 

October 600 1,100 1,500 2,000 

November 0 0 0 0 

December 0 0 0 0 

Annual 7,100 12,400 16,600 23,450 
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Technical Report E — Approach to Develop 
and Evaluate Options and Strategies 
 

1.0 Introduction 
The Colorado River Basin Water Supply and Demand Study (Study), initiated in January 2010, 
was conducted by the Bureau of Reclamation’s (Reclamation) Upper Colorado and Lower 
Colorado regions and agencies representing the seven Colorado River Basin States (Basin 
States), in collaboration with stakeholders throughout the Colorado River Basin (Basin). The 
purpose of the Study is to define current and future imbalances in water supply and demand in 
the Basin and the adjacent areas of the Basin States that receive Colorado River water over the 
next 50 years (through 2060), and to develop and analyze adaptation and mitigation strategies to 
resolve those imbalances. The Study contains four major phases to accomplish this goal: Water 
Supply Assessment, Water Demand Assessment, System Reliability Analysis, and Development 
and Evaluation of Options and Strategies for balancing supply and demand. 

Spanning parts of Arizona, California, Colorado, New Mexico, Nevada, Utah, and Wyoming, the 
Colorado River is one of the most critical sources of water in the western United States. The 
Colorado River is also a vital resource to the United Mexican States (Mexico). It is widely 
known that the Colorado River, based on the inflows observed over the last century, is over-
allocated and that supply and demand imbalances are likely to occur in the future. Up to this 
point, this imbalance has been managed, and demands have largely been met as a result of the 
considerable amount of reservoir storage capacity in the system, the fact that the Upper Basin 
States are still developing into their apportionments, and efforts the Basin States have made to 
reduce their demand for Colorado River water. 

Concerns regarding the reliability of the Colorado River system to meet future needs are even 
more apparent today. The Basin States include some of the fastest-growing urban and industrial 
areas in the United States. At the same time, the effects of climate change and variability on the 
Basin water supply have been the focus of many scientific studies that project a decline in the 
future yield of the Colorado River. Increasing demand, coupled with decreasing supplies, will 
certainly exacerbate imbalances throughout the Basin.  

It is against this backdrop that the Study was conducted to establish a common technical 
foundation from which important discussions can begin regarding possible strategies to reduce 
future supply and demand imbalances. The content of this technical report is a key component of 
that technical foundation and provides an overview of the Study’s approach to assess system 
reliability, to develop and evaluate options and strategies for balancing supply and demand, and 
to assess the effectiveness of various strategies. This technical report is meant to serve as a guide 
to understand how the multiple technical components of the Study are interconnected. A key 
component of the overall Study approach was the adoption of a scenario planning process that 
has resulted in multiple future plausible conditions for both Basin water supply and demand. 
This scenario planning process and the resulting scenarios are described in other technical 
reports. This report presents the additional elements of the overall approach, which include the 
assessment of system reliability, the development of options and strategies for balancing supply 
and demand, and the assessment of the effectiveness of implementing those options and 
strategies against multiple plausible future conditions.  



Colorado River Basin  
Water Supply and Demand Study 
 
 

E-2 December 2012 

Details regarding the quantification and analysis of the water supply and water demand scenarios 
are presented in Technical Report B – Water Supply Assessment and Technical Report C – Water 
Demand Assessment, respectively. Details regarding the development of options and strategies 
and the system reliability with and without options and strategies are presented in Technical 
Report F – Development of Options and Strategies and Technical Report G – System Reliability 
Analysis and Evaluation of Options and Strategies, respectively. 

2.0 Overview of Study Approach  
The overall analytical approach followed in the Study is shown in figure E-1. The technical 
reports that correspond to various elements are denoted in italics in the figure. Technical Report 
A – Scenario Development and Technical Report E – Approach to Develop and Evaluate Options 
and Strategies (this report) describe the overarching technical approaches that guided the specific 
detailed technical reports.  

FIGURE E-1 
Overall Study Approach 

 

The purpose and objectives defined in the Plan of Study (see Study Report, Appendix 1 – Plan of 
Study) were used to frame the focal questions that the Study must address: 

1. What is the future reliability of the Colorado River system to meet the needs of Basin 
resources through 2060? 

2. What are the options and strategies to mitigate future risks to these resources? 
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The first question requires an understanding of the underlying components of future reliability: 
water supply and water demand. Specifically, what are the factors that will determine the future 
availability of water, and what are the factors that will determine the future demand for water? 
The scenario development process, described in Technical Report A, addresses these questions 
and results in scenarios of the future that define a range of plausible water supply and water 
demand outcomes. The scenarios for water supply and demand are described in Technical Report 
B and Technical Report C, respectively. The first question also requires an understanding of the 
needs for Basin resources. These needs are identified via the system reliability metrics described 
in Technical Report D.  

Combined, Technical Reports A through D describe the components needed, i.e., future 
scenarios of water supply and demand and resource metrics, to address the first question. 

The process for evaluating system reliability without options and strategies, and the assessment 
of the outcome of that process (which can be described as the characterization of system 
vulnerabilities) is described at a high level in this report and in more detail in Technical Report 
G, which presents the findings related to the first question.  

The second question asks—what are appropriate water management responses to mitigate and 
adapt to the potential impacts to Basin resources under alternative scenarios of the future? To 
address this question, water management responses or options were identified and characterized. 
From those options, four portfolios, or collections of options, were developed to explore various 
strategies for resolving future supply and demand imbalances. The outcome of these two steps is 
the focus of Technical Report F. The effectiveness of the portfolios at reducing system 
vulnerabilities was then assessed through the evaluation of system reliability with options and 
strategies, and the outcomes of those evaluations are documented in Technical Report G.  

A summary of the results presented in each technical report, along with a discussion on future 
considerations and steps to be taken after the Study’s completion are provided in the Study 
Report. 
An overview of the approach followed for each of the key steps in the highlighted portion of 
figure E-1 is presented below. 

2.1 Evaluation of System Reliability without Options and Strategies 
The reliability of the system under the supply and demand scenarios, without additional 
management options, was evaluated. The primary evaluation tool used to assess system 
reliability was Reclamation’s Colorado River Simulation System (CRSS), which simulates the 
long-term operation of the major Colorado River system reservoirs. Modeling results were 
summarized for the Basin resources according to the metrics described in Technical Report D 
and a subset of these metrics termed indicator metrics. 

The scenario planning approach led to four water supply scenarios that considered observed 
historical hydrology, direct and conditioned paleo-reconstructions of longer historical hydrologic 
conditions, and potential future hydrology under projected climate change conditions.  To 
quantify the uncertainty in each scenario relating to the sequencing of wet, dry, or average 
periods of runoff, various methods were used that resulted in more than 100 different traces 
(monthly time series of natural flows) for each scenario over the Study period. Table E-1 depicts 
the scenarios and corresponding number of traces. The water supply scenarios are described in 
detail in Technical Report B.  
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TABLE E-1 
Water Supply Scenarios and Number of Traces 

Water Supply 
Scenario 

Number of 
Traces Theme 

Observed Resampled 103 Future hydrologic trends and variability are similar to the past 
approximately 100 years 

Paleo Resampled 1,244 
Future hydrologic trends and variability are represented by 
reconstructions of streamflow for a much longer period in the past 
(nearly 1,250 years) that show expanded variability 

Paleo Conditioned 500 

Future hydrologic trends and variability are represented by a blend 
of the wet-dry states of the longer paleo-reconstructed period 
(nearly 1,250 years), but magnitudes are more similar to the 
observed period (about 100 years) 

Downscaled Global 
Climate Model  
Projected 

112 
Future climate will warm with regional precipitation and temperature 
trends represented through an ensemble of downscaled Global 
Climate Model projections 

 

Concurrently, six water demand scenarios were developed that reflect uncertainty in future 
demographics and land use, technology and economics, and social values and governance. Table 
E-2 depicts these scenarios, which are described in detail in Technical Report C. 
TABLE E-2 
Water Demand Scenarios 

Water Demand Scenario  Theme 

Current Projected (A) Continuation of growth, development patterns, and institutions 
following long-term trends 

Slow Growth (B) Slow growth with emphasis on economic efficiency 

Rapid Growth (C1 and C2) Economic resurgence (population and energy) and current 
preferences toward human and environmental values 

Enhanced Environment (D1 and D2) Expanded environmental awareness and stewardship with growing 
economy 

 

Last, two operational assumptions were considered to reflect different criteria for the operation 
of Lakes Powell and Mead beyond 2026, when the Colorado River Interim Guidelines for Lower 
Basin Shortages and Coordinated Operations of Lakes Powell and Mead (2007 Interim 
Guidelines) (U.S. Department of Interior, 2007) expire. Under one operational assumption, these 
2007 Interim Guidelines were assumed to be extended through 2060; under the other operational 
assumption, operations were assumed to revert to the No Action Alternative from the Colorado 
River Interim Guidelines for Lower Basin Shortages and Coordinated Operations for Lake 
Powell and Lake Mead Final Environmental Impact Statement (2007 Interim Guidelines Final 
EIS) (Reclamation, 2007). 

The water supply and water demand scenarios, along with the two operational assumptions, were 
combined to explore a wide range of plausible future conditions. The combination of these 
scenarios resulted in thousands of future traces that were input into CRSS to simulate the 
performance of the system under each of these future traces.  
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Technical Report D describes the process and identification of system reliability metrics for 
resources of interest in the Basin. Metrics are measures that indicate the ability of the Colorado 
River system to meet Basin resource needs. Metrics were identified for each of the six resources 
categories identified: water deliveries, electrical power resources, water quality, flood control, 
recreational resources, and ecological resources. CRSS results were used to assess the 
performance of all quantitative metrics identified in Technical Report D, and a subset of these 
metrics termed indicator metrics. Some metrics were evaluated qualitatively due to their 
complexity, limitations of the tools, or lack of quantifiable relationships. 

Indicator metrics from each of the six resource categories were developed to summarize the 
performance of the metrics identified in Technical Report D. Through the use of indicator 
metrics, the performance of Basin resources can be viewed in a more concise manner.   

The indicator metrics were developed to represent, as closely as possible, the performance of 
each individual metric within a resource category. In some cases, statistical analyses were used 
to develop indicator metrics and in others, individual metrics were selected as indicator metrics 
based on geographic location. For several resource categories, such as water deliveries or 
electrical power, indicator metrics that were representative or highly correlated to other 
individual metrics within the resource category were fairly apparent.  

Developing indicator metrics for the ecological resources metrics was challenging because these 
metrics vary substantially by geographic location, temporal characteristics, and type of 
vulnerability threshold. Ecological resources indicator metrics were largely chosen based on their 
location and how well they integrated upstream tributaries. Further, the ecological indicators 
metrics were limited to those specified in various Biological Opinions. The complete list of 
indicator metrics is provided in Technical Report G. 

2.2 Characterization of System Vulnerabilities 
System vulnerabilities, or those conditions in which a particular resource was defined to be 
vulnerable, were developed from each indicator metric. The system was defined as vulnerable if 
an indicator metric exceeded or dropped below the specific threshold value. For example, the 
system is vulnerable with respect to Lower Basin water deliveries if the Lake Mead pool 
elevation falls below 1,000 feet above mean sea level in any month. The percent of CRSS-
simulated traces in which vulnerability occurs was used to summarize the simulated performance 
of the system under different scenarios without consideration of additional options and strategies, 
as well as to compare how options and strategies improve the reliability of the system in the 
future. 

After system vulnerabilities were developed, the next step was to identify those conditions 
leading to vulnerabilities—referred to as vulnerable conditions. Statistical analysis (described in 
greater detail in Technical Report G) was performed to consider a wide range of conditions, such 
as natural flow at Lees Ferry or projected water demands, to identify which small set of external 
conditions concisely define when the system is approaching a vulnerable state. Characterizing 
the vulnerabilities in this way provided insight into the types of conditions that particularly strain 
the system. This, in turn, provided insight into the effectiveness of options and strategies at 
improving the resiliency of the system, or the ability of the system to perform under vulnerable 
conditions as measured by vulnerabilities. The conditions that cause vulnerabilities may be 
external and beyond the control of water management entities; however, by improving the 
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resilience of the system through implementing various options and strategies, the ability of the 
system to withstand such conditions can be improved.   

Finally, signposts, or those features of observable system conditions that are good predictors of 
impending vulnerabilities, were identified. CRSS simulations used these signposts to trigger the 
model implementation of options to avoid or reduce the occurrence of vulnerabilities. Signposts 
differ from vulnerable conditions in that they are observable before vulnerability occurs and they 
incorporate factors that vary with management of the system, reflecting benefits that accrue 
when options are implemented. Vulnerable conditions, in contrast, may be defined by the entire 
time sequence of conditions. For example, a combination of the 5-year running mean natural 
flow at Lees Ferry, coupled with the current-year Lake Mead elevation, was found to be an 
effective signpost to predict those occurrences in which resources dependent on particular Lake 
Mead elevations are vulnerable. If this signpost was triggered, additional options could be 
required to prevent Lake Mead elevations from dropping below certain threshold levels. 

Effective signposts were identified by evaluating how well certain observable conditions 
performed in terms of accurately signaling an early warning when a simulated vulnerability was 
imminent. In choosing signposts, the inherent tradeoff between the amounts of lead time a 
signpost provides and the accuracy with which it predicts vulnerability occurrences was 
assessed. The candidate signposts that best balanced these tradeoffs were used to implement 
options.  

2.3 Identification and Characterization of Options 
To address projected future imbalances between supply and demand, the Study considered a 
range of potential options. Ideas to address the potential future imbalances were solicited from 
Study participants, interested stakeholders, and the general public from November 2011 through 
February 2012. Over 150 options were received during this period. The options were reviewed 
and organized into categories such as importation, desalination, and municipal and industrial 
(M&I) conservation. From these categories, about 40 representative options were described to 
capture the range of options submitted and considered. The resulting representative options are 
shown in table E-3.   

Most of the representative options were then evaluated based on the 17 characterization criteria 
shown in table E-4, as appropriate. For options that were not amenable to direct characterization 
based on the criteria, a qualitative description was provided. Option categories not reflected in 
table E-3 are Water Management and Allocation, Tribal Water, Data and Information. For 
options and concepts included in these categories, in addition to many options in the System 
Operations category, a qualitative description was provided rather than through ratings 
associated with the criteria. The criteria were selected based on those described in the Plan of 
Study and were used to provide a relative comparison among options as well as to express the 
strategy behind the development of portfolios.  

Each representative option assessed using the criteria was assigned either a quantitative value 
(e.g., dollars per acre-foot for the cost of water) or a qualitative letter score from “A” through 
“E” for each criterion. For most criteria, “C” is typically designated as mostly neutral; “A” is 
largely positive; and “E” is largely negative. Although the process of assignment of ratings was 
structured to be prescriptive, there is the potential for some subjectivity. A detailed description of 
the options and characterization process and limitations is provided in Technical Report F. 
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TABLE E-3 
Summary of Representative Options  

Option Type Option Category Representative Option 
Increase Supply Importation Imports to the Colorado Front Range from the Missouri or Mississippi Rivers 

Imports to the Green River from the Bear, Snake, or Yellowstone Rivers 

Imports to Southern California via Icebergs, Waterbags, Tankers, or from the 
Columbia River1 

Desalination Gulf of California 

Pacific Ocean in California 

Pacific Ocean in Mexico 

Salton Sea Drainwater 

Groundwater in Southern California 

Groundwater in the Area Near Yuma, Arizona 

Reuse Municipal Wastewater 

Grey Water 

Industrial Wastewater 

Local Supply Treatment of Coal Bed Methane-Produced Water 

Rainwater Harvesting 

Watershed 
Management 

Brush Control 

Dust Control 

Forest Management 

Tamarisk Control 

Weather Modification 

Reduce 
Demand 

M&I Water 
Conservation 

M&I Water Conservation 

Agricultural Water 
Conservation 

Agricultural Water Conservation 

Agricultural Water Conservation with Transfers  

Energy Water Use 
Efficiency 

Power Plant Conversion to Air Cooling 

Modify 
Operations 

System Operations Evaporation Control via Canal Covers 

Evaporation Control via Reservoir Covers 

Evaporation Control via Chemical Covers on Canals or Reservoirs 

Modified Reservoir Operations 

Construction of New Storage 

Water Transfers, 
Exchanges, and 
Banking 

Water Transfers and Exchanges (same as Agricultural Water Conservation 
with Transfers) 
Upper Basin Water Banking 

1 Among the more than 150 options submitted to Reclamation as responsive to the Plan of Study, additional 
importation of water supplies from various sources, including importation of water from the Snake and Columbia 
River systems, were submitted to the Study. Such options were appropriately reflected in the Study but did not 
undergo additional analysis as part of a regional or river basin plan or any plan for a specific Federal water 
resource project. This Study is not a regional or river basin plan or proposal or plan for any Federal water resource 
project. 
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TABLE E-4 
Criteria Used to Characterize Representative Options 

Criteria Summary Description of Criteria 

Quantity of Yield  The estimated long-term quantity of water generated by the option— either 
an increase in supply or a reduction in demand 

Timing Estimated first year that the option could begin operation  

Technical Feasibility  Technical feasibility of the option based on the extent of the underlying 
technology or practices 

Cost The annualized capital, operating, and replacement cost per acre-foot of 
option yield 

Permitting Level of anticipated permitting requirements and precedence of success for 
similar projects 

Legal Consistency with current legal frameworks and laws, or precedent with 
success in legal challenges 

Policy Considerations Extent of potential changes to existing federal, state, or local policies that 
concern water, water use, or land management 

Implementation Risk Risk of achieving implementation and operation of option based on factors 
such as funding mechanisms, competing demands for critical resources, 
challenging operations, or challenging mitigation requirements 

Long-term Viability Anticipated reliability of the option to meet the proposed objectives over the 
long term 

Operational Flexibility Flexibility of option to be idled from year to year with limited financial or other 
impacts 

Energy Needs Energy required to permit full operation of the option, including treatment, 
conveyance, and distribution 

Energy Source Anticipated energy source to be used to allow option to be operational 

Hydropower Anticipated increases or decreases in hydroelectric energy generation 
associated with implementation of the option 

Water Quality Anticipated improvements or degradation in water quality associated with 
implementation of the option. 

Recreation Potential impacts to recreational activities including in-river and shoreline 
activities 

Other Environmental Factors Other environmental considerations, such as impacts to air quality, or 
aquatic, wetland, riparian, or terrestrial habitats 

Socioeconomics Potential impacts to socioeconomic conditions in regions within or outside of 
the Basin as a result of implementing the option 

 

2.4 Development of Portfolios of Options 
Recognizing that no single option will be sufficient to resolve future projected supply and 
demand imbalances, groups of options, or portfolios, were developed to reflect different 
strategies. Portfolios were developed by prioritizing particular representative options based on 
their ratings of the criteria in table E-4 according to a specific strategy. For example, a portfolio 
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that relies on options with low implementation risk and high operational feasibility would only 
include options that meet these criteria.  

The portfolios defined the ordering of options to be implemented in response to emerging system 
vulnerabilities. These portfolios were input to CRSS, which selected and implemented options, 
generally by cost-effectiveness, as signposts were triggered, indicating that the system was 
approaching a vulnerable state. The selected options and implementation timing for a given 
portfolio depended on the future hydrologic trace for which it was being evaluated. For example, 
a portfolio would implement more options for traces in which hydrologic conditions are dry and 
lead Lake Mead elevation to drop rapidly.  

Four portfolios, each with varying strategies, were considered and are shown in table E-5. It is 
important to note that these portfolios are meant to be exploratory and illustrative of a range of 
the types of combinations of options that could be considered in addressing future reliability, and 
that many portfolios strategies are possible. Once the set of options that was to be included in the 
portfolio was identified, the options were ordered by annual unit cost expressed as dollars per 
acre-foot per year of each option. The annual unit cost was calculated as the annualized capital, 
operating, and replacement cost per acre-foot of option yield. 
TABLE E-5 
Description of Portfolios Explored in the Study 

Portfolio Name Portfolio Description  

Portfolio A Is the least restrictive in terms of options and contains all options that are in both 
Portfolio B and Portfolio C. 

Portfolio B Includes options with high technical feasibility and high long-term reliability; excludes 
options with high permitting, legal, or policy risks 

Portfolio C Includes only options with relatively low energy intensity; includes options that result 
in increased instream flows; excludes options that have low feasibility or high 
permitting risk 

Portfolio D Is the most selective in terms of options and includes only those common to Portfolio 
B and Portfolio C 

2.5 Evaluation of System Reliability with Options and Strategies 
The portfolios were evaluated using CRSS for each combination of the water supply and demand 
scenarios and the post-2026 Lakes Powell and Mead operations assumptions. For each CRSS-
simulated trace, options were implemented according to the order specified by the portfolio in 
response to system conditions indicative of vulnerabilities. Fewer options were implemented for 
sequences that led to less-frequent vulnerabilities. 

The key results from the portfolio analysis include: (1) performance of the system relative to the 
full suite of system reliability metrics, indicator metrics, and previously defined vulnerabilities 
for each trace; and (2) option implementation timing, aggregated costs, and characteristics of 
options implemented across traces.  

The results were analyzed to better understand tradeoffs between the ability of portfolios to 
reduce vulnerabilities and the costs and characteristics of the implemented options. For example, 
one portfolio may be more effective at reducing Upper Basin shortages than another. Another 
portfolio may cost more to reduce vulnerabilities. Other tradeoffs include the types or 



Colorado River Basin  
Water Supply and Demand Study 
 
 

E-10 December 2012 

characteristics of the options used to implement the different strategies. For example, two 
portfolios might address potential vulnerabilities similarly, but one might have less technically 
feasible options. 

Some options were included in all portfolios, yet were implemented by CRSS under only some 
future conditions. Some options were included in only some portfolios and were implemented in 
some or all futures.  These final results, reported in Technical Report G provide the quantitative 
analysis for understanding the different strategies for addressing the future imbalances between 
supply and demand, but do not lead to a recommended portfolio. Rather, the analysis and 
discussion is intended to inform future decision making and developing next steps for additional 
study.  

3.0 Summary 
This report describes the overall analytical approach taken in the Study to answer the questions 
that framed the purpose and objectives set forth in the Plan of Study. These questions are:    

1. What is the future reliability of the Colorado River system to meet the needs of Basin 
resources through 2060? 

2. What are the options and strategies to mitigate future risks to these resources? 

In assessing the reliability of the system, multiple plausible future scenarios of water supply and 
demand were developed to capture a broad range of future conditions. Using the identified 
system reliability metrics, the reliability of the system was compared under these plausible 
futures. The system reliability metrics also helped with defining system vulnerabilities, the 
external conditions that lead to those vulnerabilities, and signposts that can be monitored and 
indicate that the system is approaching a vulnerable state.  

Options and strategies that reduce these vulnerabilities and improve system reliability were 
explored through the characterization of representative options and the development of 
portfolios. The criteria used to characterize the representative options include potential yield, 
cost, technical feasibility, and energy needs. Based on the results of the characterization and the 
identification of a particular strategy, representative options were combined into portfolios for 
additional analysis. The Study explored four portfolios that demonstrate different strategies to 
resolve future supply and demand imbalances. Each portfolio was analyzed using CRSS across 
all scenario combinations to assess the effects on Basin resources, the effectiveness at reducing 
system vulnerabilities, and the improved resiliency of the Basin to vulnerable conditions. The 
implementation of options across alternative futures and the inclusion of options among the 
portfolios are summarized in Technical Report G.  

This analysis did not lead to a recommendation for specific options or a specific portfolio. 
Rather, it provides quantitative analysis needed to inform future discussions and additional study.  
A summary of findings and discussion regarding future considerations is provided in the Study 
Report. 
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Disclaimer 
The Colorado River Basin Water Supply and Demand Study (Study) is funded jointly by the Bureau of 
Reclamation (Reclamation) and the seven Colorado River Basin States (Basin States). The purpose of 
the Study is to analyze water supply and demand imbalances throughout the Colorado River Basin 
(Basin) and those adjacent areas of the Basin States that receive Colorado River water through 2060; 
and develop, assess, and evaluate options and strategies to address the current and projected 
imbalances.  
Reclamation and the Basin States intend that the Study will promote and facilitate cooperation and 
communication throughout the Basin regarding the reliability of the system to continue to meet Basin 
needs and the strategies that may be considered to ensure that reliability. Reclamation and the Basin 
States recognize the Study was constrained by funding, timing, and technological and other limitations, 
and in some cases presented specific policy questions and issues, particularly related to modeling 
and interpretation of the provisions of the Law of the River during the course of the Study. In such 
cases, Reclamation and the Basin States developed and incorporated assumptions to further complete 
the Study. Where possible, a range of assumptions was typically used to identify the sensitivity of the 
results to those assumptions. 
Nothing in the Study, however, is intended for use against any Basin State, any federally recognized 
tribe, the federal government or the Upper Colorado River Commission in administrative, judicial or 
other proceedings to evidence legal interpretations of the Law of the River. As such, assumptions 
contained in the Study or any reports generated during the Study do not, and shall not, represent a legal 
position or interpretation by the Basin States, any federally recognized tribe, federal government or 
Upper Colorado River Commission as it relates to the Law of the River. Furthermore, nothing in the 
Study is intended to, nor shall the Study be construed so as to, interpret, diminish or modify the rights 
of any Basin State, any federally recognized tribe, the federal government, or the Upper Colorado River 
Commission under federal or state law or administrative rule, regulation or guideline, including without 
limitation the Colorado River Compact (45 Stat. 1057), the Upper Colorado River Basin Compact (63 
Stat. 31), the Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande, Treaty 
Between the United States of America and Mexico (Treaty Series 994, 59 Stat. 1219), the United 
States/Mexico agreement in Minute No. 242 of August 30, 1973 (Treaty Series 7708; 24 UST 1968), or 
Minute No. 314 of November 26, 2008, or Minute No. 318 of December 17, 2010, or Minute No. 319 
of November 20, 2012, the Consolidated Decree entered by the Supreme Court of the United States in 
Arizona v. California (547 U.S 150 (2006)), the Boulder Canyon Project Act (45 Stat. 1057), the 
Boulder Canyon Project Adjustment Act (54 Stat. 774; 43 U.S.C. 618a), the Colorado River Storage 
Project Act of 1956 (70 Stat. 105; 43 U.S.C. 620), the Colorado River Basin Project Act of 1968 
(82 Stat. 885; 43 U.S.C. 1501), the Colorado River Basin Salinity Control Act (88 Stat. 266; 43 
U.S.C. 1951) as amended, the Hoover Power Plant Act of 1984 (98 Stat. 1333), the Colorado River 
Floodway Protection Act (100 Stat. 1129; 43 U.S.C. 1600), the Grand Canyon Protection Act of 1992 
(Title XVIII of Public Law 102-575, 106 Stat. 4669), or the Hoover Power Allocation Act of 2011 
(Public Law 112-72). In addition, nothing in the Study is intended to, nor shall the Study be construed 
so as to, interpret, diminish or modify the rights of any federally recognized tribe, pursuant to 
federal court decrees, state court decrees, treaties, agreements, executive orders and federal trust 
responsibility. Reclamation and the Basin States continue to recognize the entitlement and right of 
each State and any federally recognized tribe under existing law, to use and develop the water of the 
Colorado River system. 
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Technical Report F — Development of 
Options and Strategies 

1.0 Introduction 
The Colorado River Basin Water Supply and Demand Study (Study), initiated in January 2010, 
was conducted by the Bureau of Reclamation’s (Reclamation) Upper Colorado and Lower 
Colorado regions, and agencies representing the seven Colorado River Basin States (Basin 
States) in collaboration with stakeholders throughout the Colorado River Basin (Basin). The 
purpose of the Study is to define current and future imbalances in water supply and demand in 
the Basin and the adjacent areas of the Basin States that receive Colorado River water over the 
next 50 years (through 2060), and to develop and analyze adaptation and mitigation strategies to 
resolve those imbalances. The Study contains four major phases to accomplish this goal: Water 
Supply Assessment, Water Demand Assessment, System Reliability Analysis, and Development 
and Evaluation of Options and Strategies for Balancing Supply and Demand. 

Spanning parts of the seven states of Arizona, California, Colorado, New Mexico, Nevada, Utah, 
and Wyoming, the Colorado River is one of the most critical sources of water in the western 
United States. The Colorado River is also a vital resource to the United Mexican States 
(Mexico). It is widely known that the Colorado River, based on the inflows observed over the 
last century, is over-allocated, and supply and demand imbalances are likely to occur in the 
future. Up to this point, this imbalance has been managed, and demands have largely been met as 
a result of the considerable amount of reservoir storage capacity in the system, the fact that the 
Upper Basin States are still developing into their apportionments, and efforts the Basin States 
have made to reduce their demand for Colorado River water. 

Concerns regarding the reliability of the Colorado River system to meet future needs are even 
more apparent today. The Basin States include some of the fastest-growing urban and industrial 
areas in the United States. At the same time, the effects of climate change and variability on the 
Basin water supply has been the focus of many scientific studies that project a decline in the 
future yield of the Colorado River. Increasing demand, coupled with decreasing supplies, will 
certainly exacerbate imbalances throughout the Basin.  

It is against this backdrop that the Study was conducted to establish a common technical 
foundation from which important discussions can begin regarding possible strategies to reduce 
future supply and demand imbalances. The content of this report is a key component of that 
technical foundation and describes the Study’s development of options and strategies.  

This development was initiated in November 2011 when project participants, stakeholders, and 
the public were encouraged to submit options and strategies to help resolve future supply and 
demand imbalances in the Study Area. Through February 2012, 160 ideas were submitted. The 
Study does not result in the selection or funding of a particular proposed option or set of options. 
Rather, the Study is intended to explore a broad range of options to help address future 
imbalances and the performance of those options across a range of future conditions. The Study 
also lays the foundation for future development and implementation of a number of options 
identified. 
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This report describes the submitted options, the process for characterization of these options, the 
results of characterization, and the development of exploratory portfolios from the 
characterization results to address future supply and demand imbalances.  

2.0 Approach for Options and Strategies Development 
The overall Study approach and associated technical reports are shown in figure F-1. As outlined 
in Technical Report E - Approach to Develop and Evaluate Options and Strategies, the Study 
objectives center on addressing two primary questions: 

1. What is the future reliability of the Colorado River system to meet the needs of Basin 
resources through 2060? 

2. What are the options and strategies that can mitigate future risks to these resources? 

The second question is the focus of this report. This question examines the potential water 
management response to future imbalances in supply and demand. The process to examine this 
response is shown in figure F-1 as the shaded boxes representing the identification and 
characterization of individual options and the subsequent development of portfolios of options. 
The effectiveness of the options and strategies at resolving imbalances and improving the 
reliability of the Colorado River system is described in Technical Report G – System Reliability 
Analysis and Evaluation of Options and Strategies. 

FIGURE F-1 
Overall Study Approach 
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The following paragraphs provide a high-level summary of the development and characterization 
process as well as the development of portfolios. Additional detail is presented in the sections 
that follow. 

An Options and Strategies Sub-Team, composed of representatives from Reclamation, the Basin 
States, federally recognized tribes (tribes) and communities, and conservation organizations, was 
established to develop options and strategies. Sub-Team members are listed in appendix F1 of 
this report.  

The general approach for the development of options and strategies is summarized as follows: 

• Solicit input – In order to examine a broad range of potential options, Study participants, 
interested stakeholders and the general public were asked to submit options.  

• Organize options – The options were reviewed and organized into four broad types: 
(1) increase water supply, (2) reduce water demand, (3) modify operations, or (4) governance 
and/or implementation1. Options were further assigned individual categories based on their 
primary function such as importation, desalination, and municipal and industrial (M&I) 
conservation.  

• Characterize options – Each option was characterized using a set of 17 criteria, including 
both quantitative criteria such as timing of implementation, annualized cost per acre-foot (af), 
yield, and energy use, and qualitative criteria such as technical feasibility and implementation 
risk.  

• Develop representative options – In order to avoid redundancy and simplify analysis, 
representative options were developed from the pool of submitted options.  

• Develop portfolios – No single option, or type of project, will likely be adequate to meet all 
of the future demands of the Basin resources. Rather, a combination of options (portfolio) 
will be needed to address the imbalances between supply and demand. As such, portfolios 
representing potential strategies to address future supply and demand imbalances were 
developed from the representative options and option characterization results. Portfolios were 
developed by selecting certain option characteristics based on the particular strategy 
(e.g., remove options that rated low for implementation risk or technical feasibility).  

Each portfolio described in this report was then simulated across all water supply and demand 
scenarios to assess the ability of the strategy to address imbalances between supply and demand 
and resolve individual vulnerabilities. The results of these simulations are described in Technical 
Report G – System Reliability Analysis and Evaluation of Options and Strategies.  

3.0 Summary of Options Received  
A report, Phase 4: Development and Evaluation of Opportunities for Balancing 
Water Supply and Demand – Request for Ideas (Reclamation, 2011), was published to 
provide relevant information to those interested in submitting options and strategies. The 
report provided preliminary projections of future supply and demand imbalances, a 
summary of previous studies that assessed future imbalances and explored options 

                                                 
1 Implementation refers to a mechanism that could be used to facilitate options rather than a specific option (for example, a tax used to raise 

funds for developing projects or monitoring). 
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and strategies, a description of ongoing efforts for balancing supply and demand, and 
presented a summary of the Study work in progress.  

A total of 160 options were received. The submittals are summarized in appendix F2 and the 
original submittals are available via links from the electronic version of appendix F2 available on 
the compact disc that accompanies this report and the version of appendix F2 on the Study 
website at http://www.usbr.gov/lc/region/programs/crbstudy.html. The options were separated 
into four types based on their approach for resolving the imbalance:  

• Increase Supply: These options include suggestions for importing water into the Basin from 
the Green River, Snake River, from Alaska or the Columbia River via ocean routes, or 
exchanges with Missouri and Mississippi river supplies; desalination projects along the 
Pacific Ocean, along the Gulf of California (Gulf), or brackish water desalting projects in 
California and Arizona; wastewater reuse; greater use of local supplies; and application of 
watershed management techniques such as weather modification or vegetation management 
to increase supply.  

• Reduce Demand: These options include suggestions for M&I water conservation, agricultural 
water conservation, and energy water use efficiency. 

• Modify Operations: This type includes suggestions for methods for reducing evaporation 
from lakes and canals, changing system operations, augmenting storage, and inclusion of 
water banking and transfer programs.  

• Governance and Implementation: These suggestions are related to changes in policy, 
management, legal structure, or future implementation and governance of the Colorado River 
system.  

A total of 55 options were submitted related to increasing supply, 42 options related to reducing 
demand, 22 options related to modifying operations, and 41 options related to governance and 
implementation. The percentage of options represented by each category is shown on figure F-2. 
The options were further organized into categories and groups, from which representative 
options were selected or developed for consideration in the analysis. 

FIGURE F-2 
Distribution of Options Received 
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4.0 Characterization of Options 
The Plan of Study (see Study Report, Appendix 1 – Plan of Study) identified specific objectives 
related to the development and evaluation of options. As the Study progressed, a definitive 
process for the characterization of options was developed. This process included the quantitative 
characterization of options through the assignment of ratings to a number of evaluation criteria. 
Additionally, this process included the qualitative characterization of options that do not directly 
increase supply or reduce demand. The qualitative characterization consisted of identification of 
opportunities and constraints, including potential legal and regulatory issues. 

4.1 Approach for Characterization 
Option characterization was performed in order to describe each of the submitted options, 
provide a relative comparison of the option attributes, and support the eventual development of 
option and portfolio evaluations. Characterization of proposed options was primarily based on 
information provided by the option submitter; however, available literature and/or relevant 
studies were reviewed to support the characterization process.  

Characterization of the options was based on 17 evaluation criteria that are consistent with the 
criteria outlined in the Plan of Study. The approach to characterization included the following 
steps to each of the 17 criteria for each of the proposed options:  

1. Review the submission of the option for relevance and completeness of data. In some cases, 
clarification or additional information was requested from the submitter as appropriate and if 
needed for appropriate characterization of the option. Options that have limited definition or 
are not directly amenable to characterization through the 17 evaluation criteria were 
identified and cataloged for future consideration but are not characterized here. 

2. Validate and refine information submitted with the option. Criteria information submitted 
with the option was compared with similar information in relevant case studies or readily 
available databases to confirm accuracy. If quantitative information was not readily available 
for a criterion, the Options and Strategies Sub-Team used its collective expertise and 
experience to qualitatively evaluate information submitted.  

3. Characterize each option using a classification system. For the appropriate options, ratings 
were generated for each criterion using the submitted or refined information. Ratings were 
reviewed by the Options and Strategies Sub-Team. A characterization summary table was 
developed by listing each rating for an option. Where possible quantitative information was 
developed (e.g., cost, yield, and timing). In addition, for each option a rating of A, B, C, D, 
or E was also assigned for each criterion. In general, the “A” rating is most favorable and the 
“E” rating is least favorable. If insufficient information was available to assign a rating, the 
associated entry in the option characterization summary table was left blank.  

4.2 Characterization Criteria and Assumptions 
Option characterization was based on the 17 criteria shown in table F-1. A summary description 
of the criteria is provided in the table. A more complete discussion of the criteria and ratings 
descriptions is provided in appendix F3. Attachment A of appendix F3 contains more detailed 
descriptions of the ratings. Attachment B provides the methods used for completing the unit cost 
calculations. Attachment C presents the detailed characterization information and is available on 
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the compact disc that accompanies this report and on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html.  
TABLE F-1 
Criteria Used to Characterize Representative Options 

Criteria Summary Description of Criteria 

Quantity of Yield  The estimated long-term quantity of water generated by the option—either an 
increase in supply or a reduction in demand 

Timing Estimated first year that the option could begin operation 

Technical Feasibility Technical feasibility of the option based on the extent of the underlying 
technology or practices 

Cost The annualized capital, operating, and replacement cost per af of option yield 

Permitting Level of anticipated permitting requirements  and precedent of success for 
similar projects 

Legal Consistency with current legal frameworks and laws, or precedent with 
success in legal challenges 

Policy Considerations Extent of potential changes to existing federal, state, or local policies that 
concern water, water use, or land management 

Implementation Risk Risk of achieving implementation and operation of option based on factors 
such as funding mechanisms, competing demands for critical resources, 
challenging operations, or challenging mitigation requirements 

Long-term Viability Anticipated reliability of the option to meet the proposed objectives over the 
long term 

Operational Flexibility Flexibility of option to be idled from year to year with limited financial or other 
impacts 

Energy Needs Energy required to permit full operation of the option, including treatment, 
conveyance, and distribution 

Energy Source Anticipated energy source to be used to allow option to be operational 

Hydropower Anticipated increases or decreases in hydroelectric energy generation 
associated with implementation of the option 

Water Quality Anticipated improvements or degradation in water quality associated with 
implementation of the option 

Recreation Potential impacts to recreational activities including in-river and shoreline 
activities 

Other Environmental Factors Other environmental considerations, such as impacts to air quality, or 
aquatic, wetland, riparian, or terrestrial habitats 

Socioeconomics Potential impacts to socioeconomic conditions in regions within or outside of 
the Basin as a result of implementing the option 
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When performing the characterization, the following overarching assumptions were made: 

• Level of Evaluation - Consistent with the scope of the Study, the options were evaluated at a 
screening level of analysis only. In some cases, very detailed information on the options was 
provided, but in most cases the options were only conceptually described in the original 
submissions. Additional research was performed to validate and refine the submitted 
information, but this was of a limited nature and at an appraisal level.  

• Basin-wide Approach - Where possible, options were conceptualized as distributed, Basin-
wide options (e.g., conservation and reuse) as opposed to options implemented by specific 
entities in specific geographies. Several options, however, are geographically distinct (e.g., 
specific import options) and were retained in this form.  

• Cost of Options - All costs presented were developed based on annualized capital costs 
added to annual operation and maintenance (O&M) costs (power, chemicals, etc.). Costs for 
infrastructure-related options were derived from industry-based parametric cost estimates 
that are commonly applied for water infrastructure projects. These costs include adjustments 
for proposed location and the scale of the project. Annualization of capital costs was 
performed using federal guidelines (see attachment B to appendix F3). 

• Stepped Implementation of Large Options - Several options are sufficiently large that the 
potential exists to implement only a portion of the total option. In general, any option that 
may have more than 200 thousand acre-feet per year (kafy) of yield was separated into steps 
of up to 200 kafy. This scaling or phasing of large options allowed for characterization to 
reflect increasing complexity as project size increases.  

• Independent Characterization of Options - Although it is likely that several options will be 
combined as part of eventual portfolios, the option characterization considered each option 
independently.  

• Option “Fence Line” - The characterization of the options was limited to the direct effect of 
the action within the boundary, or fence line, of the option itself. For example, conversion of 
water-cooled power plants to air cooling results in a reduction in water demand. However, 
this conversion also results in a reduction of net power generation. Although this could be 
mitigated through energy conservation or energy development elsewhere, the option was 
evaluated independently of actions that may be taken outside of the “fence line.”  

• Sense of Urgency - The success rate and timeframe for which similar past projects have been 
implemented has varied widely. This variation is due to resistance from opponents, urgency 
from proponents, and political support or opposition. When evaluating permitting and 
potential timing of completion, it was assumed that there would be wide recognition of the 
associated issues, and therefore significant political alignment, sense of urgency, and 
consistent pursuit throughout the feasibility, environmental review, permitting, and 
implementation stages. The scope, scale, and timing of potential imbalances suggest the need 
for timely action coordinated among the stakeholders. This coordinated action is an 
important consideration in rating, in particular, the timing of option availability.   
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4.3 Limitations of Characterization Process 
The process undertaken to characterize options strived to develop an objective and consistent 
evaluation of the options. Several iterations of the option characterization were performed in an 
attempt to normalize ratings wherever possible. However, several limitations are inherently 
associated with the characterization of such a broad range of options. The limitations of the 
characterization process are as follows:  

• Limited Level of Analysis. The intent of the characterization was to perform a high-level 
analysis of a broad range of options potentially available to resolve Basin imbalances. Study 
resources limited performing highly detailed evaluations. Limiting the level of analysis 
helped ensure that all options were considered at a high level, but also added uncertainty to 
the characterization results because all of the potential challenges associated with option 
development and implementation may not have been considered. Further, the 
characterization did not specifically consider future financing and/or economic impacts.  

• Some options considered have detailed information available from similar developed projects 
and other studies, whereas other options, specifically those associated with agricultural and 
M&I conservation and reuse, require an understanding of development policies, regulatory 
constraints, legal implications, and water planning criteria that vary significantly throughout 
the Study Area. A detailed assessment by individual location for those options was beyond 
the scope of the Study. Instead, the Study provides an appraisal-level approach to 
characterizing these options, and then applies these assumptions Basin-wide. The 
assumptions were adopted for purposes of the Study and do not necessarily reflect 
achievable, or even desirable, local conservation goals for individual municipalities or 
agricultural locations. 

• Potential for Subjectivity. The classification system used in the characterization process was 
relatively prescriptive; however, there was still some room for subjectivity when selecting 
the appropriate ratings for each evaluated option. There was also some potential subjectivity 
related to defining the “fence line” of each option. However, the overall methodology applied 
for the option characterization underwent peer review as one means to validate its 
approach. The review was favorable toward the approach taken in the Study, but 
acknowledged the potential for differences in viewpoints for particular criteria Still, not all 
members of the Options and Strategies Sub-Team were in agreement with all ratings, but 
they recognize that future efforts will result in a more in-depth assessment of the criteria.  

• Uncertainty. The characterization was performed based on limited and high-level analyses. 
Therefore, knowledge of items such as costs, permit requirements, and long-term feasibility 
are still highly uncertain. For example, cost estimates for infrastructure-type projects are 
based on similar past projects with adjustments for parameters such as scale and location. 
These adjustments are approximate, especially for projects where the scale of the project is 
larger than any previously completed similar project. Cost estimates for non-structural type 
projects are often even more uncertain because historical documentation of costs for similar 
past projects are often not fully applicable or fully documented, or such projects are based on 
changes in human behavior. In regards to infrastructure-type options, past studies by the 
Association for the Advancement of Cost Engineering show that concept- level estimates can 
typically have an expected accuracy of between -30 to 50 percent. However, it is important to 
note that many of the infrastructure options and most non-infrastructure options have 
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sufficient uncertainty in cost assumptions that an even wider range of cost variation is 
possible. Despite the uncertainties in estimating the magnitude of costs, a significant effort 
was made to provide cost estimates that are useful when considering relative costs. Similar 
statements can be made related to uncertainty when characterizing options against many 
other criteria. The characterization process for the non-cost items have some degree of 
uncertainty, but it is still useful for providing understanding of the potential advantages and 
disadvantages of the different options, considering a diverse set of criteria. 

5.0 Option Characterization Results 
The following sections present the characterization results for each of the representative options 
developed from the major option category. These option categories are: Importation, 
Desalination, Reuse, Local Supply, Watershed Management, M&I Conservation, Agricultural 
Water Conservation, Energy Water Use Efficiency, System Operations, and Water Transfers, 
Exchanges, and Banking. The presentation begins with a summary of the submitted options, 
followed by a description of each representative option in the category. These descriptions are 
followed by the characterization results, summarized by quantity of yield, timing, cost, and other 
key considerations. 

5.1 Importation 
River and other out-of-Basin freshwater imports have been proposed to increase the overall 
water supply of the Basin. Fourteen options related to river or other freshwater imports were 
received. The submitted options were reviewed and organized into three groups according to the 
location at which the imported water would provide water to the Colorado River or tributary or 
would provide exchange water for regions reliant upon Colorado River supplies. Representative 
options were developed for each option group to represent the distinct nature of the options 
within each group. When potential yield of a representative option exceeds 200 kafy and the 
option is scalable, the representative option was characterized in progressive 200 kafy “steps” to 
represent likely project phasing. The option groups and representative options are described 
below.  

Additional detail related to the representative options and specific characterization is included 
in appendix F4. Attachment A of appendix F3 contains more detailed descriptions of the ratings. 
Attachment B provides the methods used for completing the unit cost calculations. Attachment C 
presents the detailed characterization information and is available on the compact disc that 
accompanies this report and on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html. 

5.1.1 Imports to the Colorado Front Range  
This group of options includes importing water from the Missouri River or Mississippi River to 
areas adjacent to the Basin that could use this water to meet projected shortfalls and/or reduce the 
amount of water these areas divert from the Basin. All of the Import to Front Range options 
involve large-scale diversion facilities (intake and diversion facilities of at least 800 cubic feet 
per second), more than 700 miles of conveyance infrastructure spanning at least two states, and 
more than 700 megawatts (MW) of power for pumping. Water would be conveyed to the Front 
Range of Colorado and specific areas of New Mexico and integrated into existing water supply 
systems. Although these options are termed “imports,” water would not actually be imported into 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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the Basin. Rather, water would be delivered to these adjacent areas to reduce the amount of water 
exported by transbasin diversion (or the amount that could be exported in the future) from the 
upper Colorado and San Juan rivers. In order for this option to become viable, support from the 
State of Colorado would be required. 

Two representative options were developed from this group of options to reflect the differences 
in potential location of diversion, conveyance infrastructure needs, and associated impacts. The 
representative options consist of the following: 

• Missouri River Imports 
• Mississippi River Imports 

5.1.2 Imports to the Green River Headwaters  
This group of options includes diverting water from the upper headwaters of rivers adjacent to 
the Green River to the headwaters of the Green River. Potential sources of supply are diversions 
from the Bear River, upper Snake River2, or Yellowstone River. These potential projects involve 
intake and diversion facilities, pumping plants and conveyance facilities, and delivery to the 
Green River. Because these options are focused on headwaters-to-headwaters transbasin 
diversions, the size of the projects (in terms of magnitude of water and facilities required) are 
smaller in scale than other importation options.  
Three representative options were developed from this group of options to reflect the differences 
in potential location of diversion, conveyance infrastructure needs, and associated impacts. The 
representative options consist of the following: 

• Bear River Imports 
• Snake River Imports 
• Yellowstone River Imports 

5.1.3 Imports to Southern California  
This group of options is focused on importing high-quality water from other regions using ocean 
routes to Southern California coastal areas. Potential sources of water include the Columbia 
River2, rivers in Alaska, or icebergs. Delivery mechanisms include sub-ocean pipelines for 
Columbia River supplies, tanker ships for Alaskan river supplies, or tug boats for icebergs. All of 
the options in this group require extensive transport or conveyance of water from the source 
regions to Southern California and require relatively complex facilities and operations to 
integrate the supply within the current water supply system in Southern California.  

Four representative options were developed from this group of options to reflect the differences 
in potential location of imported water, modes of transport and conveyance, and associated 
impacts. The representative options consist of the following: 

• Columbia River Imports 
• Icebergs 

                                                 
2 Among the more than 150 options submitted to Reclamation as responsive to the Plan of Study, additional importation of water supplies from 

various sources, including importation of water from the Snake and Columbia River systems, were submitted to the Study. Such options were 
appropriately reflected in the Study but did not undergo additional analysis as part of a regional or river basin plan or any plan for a specific 
Federal water resource project. This Study is not a regional or river basin plan or proposal or plan for any Federal water resource project. 
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• Tankers 
• Water Bags 

The options related to Tankers and Water Bags were separated into sub-options of 200-kafy steps 
to allow for incremental characterization of these options.  

5.1.4 Characterization of Options  
Quantity of Yield 
The total potential yield of all importation options considered in the Study is more than 3 million 
acre-feet per year (mafy). However, because the largest options are limited by the ability to 
convey, integrate, and exchange import water within existing water supply systems in Southern 
California, the Front Range of Colorado, and the Rio Grande in New Mexico, many of the 
options are mutually exclusive (e.g., either Mississippi River imports or Missouri River imports, 
not both). Considering these limitations, the potential yield of the options is more likely in the 
range of 1.2 to 1.3 mafy. The potential yield was assessed independently from technical 
feasibility, reliability, and other criteria. The characterization of these other criteria is 
summarized in subsequent sections. 

The potential quantity of yield from Imports to the Front Range was limited by the realistic 
hydraulic capacity of a single large-diameter pipeline and integration potential within the 
existing Front Range water system. Specifically, limiting the pipe size to 144 inches and 
maintaining flow rates so that friction loss is less than 1 foot per 1,000 feet of pipe length results 
in a yield of about 600,000 acre-feet per year (afy). Similarly, the ability to exchange import 
water for reduced future diversions from the Colorado River to the Front Range limited 
consideration of larger quantities. Because the available diversion from the Missouri and 
Mississippi Rivers is not envisioned to be supply-limited to 600,000 afy, multiple parallel pipes 
could increase the quantity of yield of this option, but it is likely that service areas would need to 
be expanded beyond the Front Range and the Rio Grande to exchange for significantly reduced 
Colorado River diversions.  

Conversely, the potential yield from the Import to Green River Headwaters options were limited 
by estimates of the potentially available supply. Previous analyses prepared as part of the 2008 
Colorado River Augmentation Study (Colorado River Water Consultants, 2008) estimated 
maximum limits to the diversion potential from the Snake, Bear, and Yellowstone Rivers and 
were used in this assessment. The previous study included evaluation of both water rights and 
hydraulic assessments to estimate potential diversion from the adjacent headwaters. The 
projected yield for these import options ranges from 33,000 afy to 75,000 afy. 

The estimates of potential yield from Imports to Southern California were limited by the ability 
to integrate the import supply into the existing water supply system within Southern California. 
The availability of supply for locations in Alaska or the Columbia River was not assumed to be 
the limiting factor. Integrating large quantities of new supply to offset Colorado River diversions 
would be difficult due to infrastructure constraints. Although the exact integration limit is 
difficult to quantify, 600,000 afy was selected based on rough estimates of integration capability. 
This volume is coincidentally consistent with other large-scale import options and therefore 
provides some degree of comparability. 
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Timing 
The Import to Front Range group of options consists of large-scale infrastructure projects with at 
least 700 miles of conveyance infrastructure crossing at least two states and requiring at least 
700 MW of power for pumping. Conveyance projects of this scale are rare and would require 
extensive feasibility studies, permitting, and design. Although the scale adds complexity, the 
type of infrastructure required has been implemented in many historical projects and has proven 
to be highly reliable. Confirming technical feasibility is anticipated to take approximately 
5 years. The permitting phase will require multi-state negotiations, possible permits for new 
power plants, National Environmental Policy Act compliance, and evaluation of Endangered 
Species Act impacts. Even if the permit process were pursued with urgency and with political 
support, the process is expected to take up to 15 years. Once permitted, numerous design and 
construction crews could be mobilized to simultaneously construct several segments of the 
project. It is therefore possible to construct large-scale water transmission projects of this size in 
approximately 10 years. The total estimated time before the option could become operational is 
30 years.  

The group of options related to Imports to the Green River Headwaters is anticipated to divert 
quantities of less than 75,000 afy. The conveyance facilities vary in length between 15 miles and 
140 miles and the infrastructure used to convey the water has been proven reliable. Therefore, 
project feasibility could potentially be evaluated within 3 years. Although these projects are not 
major infrastructure projects, the concepts include transbasin diversions from areas designated as 
state or national forests; therefore, special use permits for construction in the public lands will be 
required. Also, transbasin water projects have become increasingly challenging to permit due to 
both political and environmental concerns. Due to these concerns, at least 7 years of permitting is 
anticipated. Once permitted, numerous design and construction crews could implement these 
types of projects in up to 5 years. The total estimated time before options within this group could 
become operational is 15 years.  

All options within the Imports to Southern California group of options could take at least 
10 years to evaluate feasibility. Interstate negotiations would be required, as well as permitting at 
both the source water location and receiving water locations. It is estimated that this permitting 
process could take between 5 and 10 years and could take longer for the sub-ocean pipeline due 
to potential additional marine-related permitting. Once permitted, it would likely take 5 years to 
design and construct the ports and procure the required ships for transfer by tankers, water bags, 
or icebergs. It would take longer to construct more than 1,000 miles of sub-ocean pipeline. In 
summary, the feasibility phase would require at least 10 years; permitting would require at least 
5 years; and implementation would require at least 5 years, totaling at least 15 years. The sub-
ocean pipeline is anticipated to require up to 40 years due to the uncertainty related to the 
feasibility of this option and longer time required for construction.  

Cost 
To estimate costs for the Import to Front Range option group, topographic and aerial mapping 
were used to select a rough alignment for the proposed conveyance corridor. The pumping needs 
were estimated based on evaluating topographic relief and maintaining industry standard 
pressures. Once the size of the pipeline and number and size of the pumping stations were 
determined, recent historical parametric costs were used to estimate the total capital costs, which 
ranged from less than $9 billion to more than $14 billion for the different options. Annual costs 
include electricity costs, maintenance, repair, and replacement costs. The unit costs were 
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developed by annualizing capital costs and adding in the associated annual O&M cost. The unit 
annual costs for the Import to Front Range options considered in the Study vary between 
$1,700 per af and $2,300 per af. 

The group of options that import water to the Green River was analyzed by assuming 
configurations that utilized existing reservoirs, minimized pipeline lengths and utilized tunnels to 
reduce energy costs where feasible. Once the size and length of the facilities were determined, 
cost database information was used to estimate the total capital costs. Annual costs include 
electricity costs, maintenance, repair, and replacement costs. The unit annual costs for the 
options considered in the Study vary between $700 per af and $1,900 per af. 

Costs for the Import to Southern California option group were based on literature research. 
Specifically, the cost per day to lease a Class VLCC (Very Large Crude Carrier) tanker ship 
(which includes the cost of the ship, crew, and fuel) was researched. The cost to construct a new 
terminal at an existing port near Los Angeles and in Alaska was estimated based on recent 
studies to build a new oil terminal in Los Angeles. The cost to build pipelines and pump stations 
from the port to Diamond Valley Lake was based on the cost of previously completed pipelines 
and pumping stations in this region. Total capital costs were estimated to be approximately 
$3.5 billion. The costs for sub-ocean pipeline concepts were based on previous Reclamation 
studies and were adjusted for inflation. The unit annual costs for the options considered in the 
Study vary between $2,700 per af and $3,400 per af 

Other Key Considerations 
In addition to yield, timing, and cost, the Front Range importations group of options were 
characterized against several other criteria. All of the Import to Front Range options were 
estimated to have very high energy needs and the potential for significant permitting, legal, and 
policy challenges due to project size, geographic extent, and concern related to potential impacts 
in the source watersheds. The resulting ratings for these criteria are low (“D” or “E”). The Front 
Range projects have high debt service costs because they are capital-intensive projects. 
Therefore, the Front Range options did not score well against operational flexibility criteria 
because the high cost of debt would still be incurred if the project is put into an idle mode. 
Although significant challenges would need to be overcome in order to implement such a 
project, once in operation the long-term viability (reliability of producing the expected yield) is 
expected to be relatively high. Imports to the Front Range would result in less water diverted 
than the State of Colorado is legally entitled to divert from the Colorado River headwaters, 
which would improve Basin hydropower, water quality, and recreation, and may improve some 
environmental conditions in the Basin; however, it is possible that the options would have some 
adverse impacts on the same criteria in the basin of origin due to reduced flows in those rivers. 
Imports to the Front Range would result in water quality that would meet all drinking water 
standards with conventional water treatment, but the source water quality would be poorer than 
the current supply used by many Front Range urban purveyors. Agreement from the State of 
Colorado, and the many water providers within Colorado, would have to occur in order for this 
option to be implemented. Moreover, to the extent that it would require reducing the amount of 
water that the State of Colorado is legally entitled to take from the Basin, this option could 
require an amendment to the Colorado River Compact of 1922 (Compact) and Upper Colorado 
River Basin Compact of 1948. 
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In general, imports to the headwaters of the Green River are similar to those described for the 
Imports to the Front Range group of options, with the following exceptions. Implementation risk 
is assumed to be lower because the challenges associated with raising capital are assumed to be 
lower for these smaller projects. Long-term viability is assumed to be more uncertain because the 
diversions are greater in relative percentage to the natural flow than other options and could face 
more long-term environmental challenges than diverting water from the Missouri or Mississippi 
rivers. The energy needs are much lower due to starting at higher elevations and the use of 
tunnels. Hydropower and recreation benefits are assumed to be fewer than the Front Range 
imports, due to the significantly lower flow volumes. Water quality impacts are assumed to be 
more positive because the water delivered to the Basin is essentially of the same quality as native 
Basin headwaters; however, water quality impacts in the basin of origin would also need to be 
considered. 

The Import to Southern California group of options rated relatively low for technical feasibility. 
This is because sub-ocean pipelines, iceberg towing at large scale, or tanker operation at this 
scale is largely unprecedented. Permitting, legal, and policy issues will have all of the same 
issues as the other imports and will also have issues related to California Coastal Commission 
permits and marine permits. As with Imports to the Front Range, implementation challenges for 
these options include raising significant capital. In addition, these options are more challenging 
to integrate into existing systems than the other importation options. All of the imports via ocean 
routes required extensive energy or fuel and therefore have long-term viability challenges. 
Impacts to hydropower, recreation, and the environment would depend on the resulting change in 
operations of the Colorado River and potentially could have negative impacts if the Import to 
Southern California water option is exchanged for Colorado River water for diversion by others. 
Bringing this high-quality water to the region is expected to have a positive impact to salinity 
levels in the receiving region.  

5.1.5 Characterization Summary 
A summary of the characterization findings are shown in figure F-3. The top portion of the figure 
shows the estimated quantity of yield, earliest timing of implementation, and estimated cost. The 
bottom portion of the figure shows the 17 criteria and associated ratings (“A” through “E”) for 
each option. As noted previously, some large options were broken into 200-kafy steps to reflect 
increasing complexity as project size increases. These steps are denoted numerically, with “step 
1” being the first 200-kafy step, followed by subsequent steps In general, a “C” rating is typically 
designated as mostly neutral (yellow); “A” is largely positive (green); and “E” is largely negative 
(red). Refer to appendix F3 for specific criteria descriptions and rating scales.  
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FIGURE F-3 
Summary Characterization for Importation Options 
 

 
Southern California (SoCal) 
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Three representative options were developed from this group of options to reflect the different 
potential desalination plant locations. The representative options consist of the following: 

• Pacific Ocean Desalination in California 
• Pacific Ocean Desalination in Mexico 
• Gulf of California Desalination 
The options related to Pacific Ocean desalination in California and Gulf of California 
desalination were separated into sub-options of 200-kafy steps to allow for incremental 
characterization of these large-scale options.  

5.1.6 Desalination of Agricultural Drainwater 
This group of options includes constructing new diversions upstream of the Salton Sea on the 
New River and Alamo River that would capture agricultural drainage water and deliver it to a 
regional brackish water desalination facility. The desalinated water would be delivered back to 
the All American Canal upstream of the East Highline Canal, allowing the water to be delivered 
to Imperial Irrigation District (IID) by exchange to the and Coachella Valley Water District, 
which rely on the All American Canal system. Simultaneously, an in-kind amount of reduction in 
diversions is possible from the Colorado River at Imperial Dam by exchange. 

In this case, only one representative option was developed: 

• Salton Sea Drainwater Reuse 
The Salton Sea Drainwater Reuse representative option was separated into sub-options of 
200-kafy steps to allow for incremental characterization of this large-scale options. 

5.1.7 Desalination of Brackish Groundwater 
This group of options is made up of relatively small local projects by municipal water providers 
in Southern California and Arizona consistent with past similar projects. This concept also 
includes refurbishing the Yuma Desalting Plant back to full-scale production. 

Two representative options were developed from this group of options to reflect the differences 
in potential source water location, conveyance infrastructure needs, and associated impacts. The 
representative options consist of the following: 

• Southern California Groundwater Desalination 
• Brackish Water Desalting in the Yuma Area 

5.1.8 Characterization of Options 
Quantity of Yield 
Based on discussions with MWD, yield from the options related to Pacific Ocean desalination in 
California are estimated to be limited to 600,000 afy. Yield from the options related to Pacific 
Ocean desalination near the border in Mexico is estimated to be limited to 75,000 afy. In the case 
of either Pacific Ocean representative option, integration considerations with existing 
infrastructure are the limiting factor. For the Gulf of California, additional yield is assumed to be 
limited to 1.2 mafy. However, for both Pacific Ocean and Gulf of California desalination 
options, sub-options of 200 kafy each were considered to allow for incremental characterization 
of these large-scale projects.  
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Agricultural drainwater desalination is limited to the amount of agricultural drainage water 
entering the Salton Sea and limitations of maintaining sufficient supply to mitigate for 
environmental impacts (e.g., air quality of increased exposed playa) at the Salton Sea. Between 
300,000 afy and 500,000 afy of sustainable yield was assumed. Sub-options of up to 200 kafy 
each were considered to allow for incremental characterization of this large-scale option. 

Yield from brackish groundwater desalination is limited by sustainable groundwater extraction 
rates, sustainable brine disposal capabilities, or the capacity of existing facilities. Without 
updating past studies, it is difficult to calculate the amount of remaining sustainable brackish 
groundwater yield in Southern California. A rough estimate based on those studies and 
previously identified projects is about 20,000 afy of additional sustainable yield remaining. The 
yield of brackish groundwater in the vicinity of Yuma, Arizona, is assumed to be limited to 
100,000 afy by the available capacity of the Yuma Desalting Plant. 

Timing 
Each of the representative options for the ocean desalination group has unique permitting and 
legal challenges. The Pacific Ocean projects would require California Coastal Commission 
permits that can be challenging to obtain and would significantly impact the timing of the 
project. Similarly the Gulf of California ocean desalination option would require international 
negotiations and also environmental mitigation that could take an unknown amount of time. 
These challenges and uncertainties make it difficult to estimate the timing for both types of 
projects. It is roughly estimated that a 200-million-gallons-per-day (approximately 200,000-afy) 
project could require 5 years of feasibility, 10 years of permitting, and 5 years of 
implementation, totaling 20 years. For the Pacific Ocean desalination near the border in Mexico 
option, feasibility studies have been completed and additional studies are underway. It is roughly 
estimated that a 56,000-afy plant at this location could require 10 years of permitting and 5 years 
of implementation, totaling 15 years. 

Desalinating agricultural drainwater in the vicinity of the Salton Sea changes the existing flow 
balance, and therefore compliance with the California Environmental Quality Act and National 
Environmental Policy Act would be required, as well as the acquisition of permits from entities in 
California. Mitigation of some of the impacts of reduced Salton Sea inflows is part of the 
Quantification Settlement Agreement (QSA). Consistency with the QSA would need to be 
evaluated. Although these would all take time, it is assumed that the option could be 
accomplished with 5 years of feasibility, 5 years of permitting, and 5 years of implementation, 
totaling 15 years. Each larger increment of this option was assumed to require an additional 5 
years to implement due to greater potential impacts and permitting review.  

For the brackish groundwater desalination group, both the concept related to municipal utilities 
developing relatively small-scale brackish groundwater desalting plants and the concept of 
refurbishing the Yuma Desalting Plant are proven technologies. Therefore, the timing for these 
projects is limited to 5 years of permitting and 5 years of implementation, totaling 10 years. 

Cost 
Several recent studies have included cost estimates for ocean desalination facilities. In addition 
to the information available from these studies, water treatment plant conceptual design and cost 
estimating tools were used to estimate treatment costs. The ultimate dollar-per-af cost for these 
options can vary significantly, based on scale and conveyance facility requirements. The larger 
the scale and the closer the delivery location, the lower the unit cost. Capital cost estimates 
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ranged from approximately $2.8 to $4.2 billion. The unit annual costs for the representative 
options considered in the Study vary between $1,900 per af and $2,100 per af. 

The same cost tools used to estimate the ocean desalination option group were used to estimate 
the desalination of Salton Sea agricultural drainwater option. Unit capital costs as well as 
electricity, chemicals, maintenance, repair, and replacement costs were assumed consistent with 
the ocean desalination option group. Assuming the drain water total dissolved solids (TDS) is 
approximately 2,500 milligrams per liter and the product water is 700 milligrams per liter, a unit 
annual cost of about $1,000 per af was estimated (capital costs were estimated at $2.1 billion). 

The cost of the brackish groundwater group of options is highly dependent on the assumed 
salinity concentration of the groundwater and the method of disposing the brine stream from the 
reverse osmosis units. Capital costs were estimated at approximately $80 million. The unit 
annual costs for the representative options considered in the Study vary between $600 per af and 
$750 per af. 

Other Key Considerations 
In regard to technical feasibility, ocean desalination facilities have been completed in numerous 
locations around the world, but none at the scale described for the larger concepts. Therefore, 
technical feasibility characterization varies based on scale and precedence for similar options. 
When considering long-term viability, there is some concern about the potential for increased 
electricity costs to impact viability. None of the desalination options rate high for operational 
flexibility criteria because these options would have high debt service costs that exist even when 
the option is put into an idle mode. These options rely on exchanges along the river to varying 
degrees, and these exchanges allow the yield to be distributed across numerous locations and 
could result in a change in how the river reaches are operated. These options could potentially 
have adverse impacts when considering hydropower, recreation, and other environmental flow- 
dependent resources. In regard to water quality, these options have the potential to have a 
significant positive impact in reducing salinity levels in locations where lower salinity water is 
delivered. Without more-detailed assessments, neutral conditions were assumed for 
socioeconomics. 

The other key considerations for the agricultural drainwater and brackish groundwater 
desalination groups are similar to those described for the ocean desalination options, with a few 
exceptions. These options are rated higher for technical feasibility because they are on a scale 
more similar to existing desalination operations. Implementation risk and long-term viability are 
also rated higher due to the existing precedent for these types of operations and the reliable water 
source. Agricultural drainwater desalination at the Salton Sea is rated high for energy source 
because of the availability of geothermal energy in this region. 

5.1.9 Characterization Summary 
A summary of the characterization findings are shown in figure F-4. The top portion of the figure 
shows the estimated quantity of yield, earliest timing of implementation, and estimated cost. The 
bottom portion of the figure shows the 17 criteria and associated ratings (“A” through “E”) for 
each option. As noted previously, some large options were broken into 200-kafy steps to reflect 
increasing complexity as project size increases. These steps are denoted numerically, with “step 
1” being the first 200-kafy increment, followed by subsequent steps. In general, a “C” rating is 
typically designated as mostly neutral (yellow); “A” is largely positive (green); and “E” is 
largely negative (red). Refer to appendix F3 for specific criteria descriptions and rating scales.  
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5.3 Reuse 
Reuse of existing water supplies was proposed as a method of increasing overall water supply in 
the Basin. Ten options were submitted related to wastewater reuse. The submitted options were 
reviewed and organized into three groups. Representative options were developed for each 
option group to represent the distinct nature of the options within each group. When potential 
yield of a representative option exceeds 200 kafy and the option is scalable, the representative 
option was characterized in progressive 200 kafy “steps” to represent likely project phasing. The 
option groups and representative options are described below. 

Additional detail related to the representative options and specific characterization is included in 
appendix F6. A more complete discussion of the criteria and ratings descriptions is provided in 
appendix F3. Attachment A of appendix F3 contains more detailed descriptions of the ratings. 
Attachment B provides the methods used for completing the unit cost calculations. Attachment C 
presents the detailed characterization information and is available on the compact disc that 
accompanies this report and on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html.  

5.3.1 Municipal Wastewater Reuse 
This group of options includes concepts related to reuse of municipal wastewater in major urban 
areas beyond projects currently planned. The group considers reuse options utilized for non-
potable purpose such as irrigation or for potable purposes through indirect or direct methods.  

One representative Basin-wide option was developed for this group, but includes regional 
differentiations related to types of reuse. For example, non-potable reuse was considered in all 
major municipal areas receiving Colorado River water. However, indirect potable reuse was 
considered for areas in Southern California and Arizona due to the current and already planned 
high levels of non-potable reuse programs. The municipal reuse representative option considers 
reuse for municipal uses including parks. 

Current levels of municipal reuse vary throughout the Study Area. In adjacent areas where 
Colorado River water is essentially used to extinction, such as the Front Range of Colorado, 
increases in supply due to reuse are minimal. In addition, the future demand scenarios for these 
areas assume 100 percent reuse of additional Colorado River supplies.  

Municipal Wastewater Reuse was separated into sub-options of 200-kafy steps to allow for 
incremental characterization of these large-scale options. Nonpotable reuse was assumed to 
occur initially such that the first step is entirely nonpotable reuse.  

5.3.2 Industrial Wastewater Reuse 
This group of options considers wastewater flows generated from a variety of industries that are 
not discharged through municipal wastewater systems. These are typically industries that have 
their own water supply and are often outside of municipal limits. The reuse of wastewater from 
various industries was considered. In this case, the only representative option is general 
industrial wastewater reuse. 

 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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FIGURE F-4 
Summary of Characterization Ratings for Desalination Options 

 
Desalination (Desal); Gulf of California (Gulf) 



 Technical Report F — Development 
 of Options and Strategies 
  
  

December 2012 F-21 

5.3.3 Grey Water Reuse 
Grey water is generally defined as untreated wastewater that has not been contaminated by any 
toilet discharge, has not been affected by unhealthy bodily wastes, and does not present a threat 
from contamination by unhealthful processing, manufacturing, or operating wastes (California 
Water Code, 2010). The reuse or recycling of this water at individual homes or communities can 
be used for non-potable purposes. This group of options assumes reuse of water for non-potable 
purposes at individual homes and is limited by the amount of residential wastewater generated as 
well as the seasonal nature of the associated non-potable demand. The representative option is 
described as grey water reuse in adjacent urban areas. 

5.3.4 Characterization of Options 
Quantity of Yield 
For the municipal wastewater reuse group of options, potential demand was estimated based on 
their potential for non-potable reuse. This potential was only examined where wastewater return 
flows do not return to the Colorado River. The potential was reduced by currently planned reuse 
programs and generally by limitations on reuse due to water rights obligations. This method 
resulted in a non-potable reuse potential of about 360,000 afy in the Study Area. For California 
and Arizona, indirect potable reuse was assumed to be the most likely reuse method. Between 
the two states, yield estimates are approximately 570,000 afy based on integration limitations 
and preference for non-potable reuse where available. The total estimated reuse potential is 
approximately 930,000 afy.  

Industrial reuse targeted specific industries and byproducts. The target industries largely lie 
within the self-supplied or “self-served industrial” category. Targeting 10 percent of the self-
served industrial demand results in about 40,000 afy of reuse water. 
Grey water reuse at individual homes for non-potable purposes could potentially supply about 
178,000 afy by 2060. This rate is based on the assumption that 50 percent of residential indoor 
water use could be considered grey water (washing machines, showers, and sinks) and that grey 
water derived from this use could only be utilized to supply residential non-potable demands. 
These demands are on average approximately 60 percent of total household demand. An 
adoption rate of 50 percent was further assumed. 

It is important to note that in many adjacent urban areas, such as the Front Range in Colorado, 
Colorado River grey water is treated and re-diverted for reuse by municipalities or for use by 
other downstream diverters entitled to the return flows under Colorado Water Law. Use of grey 
water for irrigation may reduce treatment costs; however, unless the actual outdoor irrigation 
consumptive use is decreased, there will be no net supply increase to the system. 

Timing 
Because traditional municipal wastewater non-potable reuse is commonly practiced in the 
Southwest, these options were assumed to require about 3 years for feasibility, 2 years for 
permitting, and 5 years for implementation for a total of 10 years. Indirect potable reuse options 
included an additional 10 years to reflect both their scale as well as associated permitting and 
implementation challenges due to integration with municipal treated water supplies. Each 
subsequent 200-kafy increment of municipal reuse was assumed to require an additional 5 years 
to implement. 
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Industrial reuse was assumed to be implemented in a similar timeframe to traditional non-potable 
reuse. 

Grey water reuse options were also assumed to be implementable within a 10-year timeframe. 
The primary constraint is largely related to legal issues associated with plumbing code 
consistencies and health and safety concerns (individual systems). 

Cost 
Costs for municipal wastewater reuse were estimated for each type of reuse (e.g., non-potable 
and indirect potable). Traditional non-potable uses were derived from the augmentation study 
(Colorado River Water Consultants, 2008) with unit annual costs of about $1,500 per af. A 
parametric cost estimating tool was used to directly estimate the indirect potable reuse options, 
resulting in unit annual costs of about $1,800 per af due to additional treatment and distribution 
system costs. Capital costs to treat and convey the indirect potable reuse water were estimated to 
be approximately $4.8 billion. Based on the costs for each increment of municipal reuse, it was 
assumed that non-potable programs would be implemented first, followed by indirect potable 
reuse programs. 

The industrial reuse group included treatment of produced water with TDS concentrations on the 
order of 15,000 milligrams per liter. Additional costs for collection and distribution of this water 
resulted in a unit annual cost of at least $2,000 per af. 

Grey water recycling costs were derived from information available at www.greywateraction.org 
and had the highest cost of the reuse options due to the distributed nature of the systems. Water 
produced through this option is estimated to cost $4,200 per af. 

Other Key Considerations 
In addition to yield, timing, and cost, the municipal wastewater reuse group of options was 
characterized against several other criteria. In general, reuse is highly feasible and has been 
implemented on similar scales in other places in the region, nation, and the world. Reuse scores 
poorly under operational flexibility due to the likely associated debt service for a stranded asset. 
Energy needs range from 500 kilowatt hours (kWh) per af to 4,300 kWh per af for these options, 
with the indirect potable options having the greatest energy use. All options would have power 
from the grid, resulting in a mix of fuel sources. These projects are generally neutral with respect 
to hydropower production due to the distributed nature of Basin-wide reuse, but at larger scales 
the reuse is concentrated in Southern California and may have impacts due to potential for 
reduced releases from Hoover Dam for exchanges. Reuse options in the Upper Basin could result 
in increases in salinity as experienced in areas where reuse is heavily practiced. The indirect 
potable options would likely improve overall water quality given the removal of salt load 
through desalination for these options, but will require effluent disposal of concentrated brines, 
which could be challenging. Recreation impacts are assumed to be largely neutral, and no 
appreciable positive or negative impacts to socioeconomics are noted. 

Industrial wastewater reuse characterizes similarly to municipal wastewater reuse. Energy needs 
would be on the order of 1,600 kWh per af with more treatment required than traditional non-
potable reuse but less than for indirect or direct reuse. Industrial wastewater reuse may also 
require diesel fuel as the significant energy source due to hauling from the distributed locations. 

Grey water reuse also characterizes similarly to municipal wastewater reuse. Grey water reuse 
would score well on operational flexibility in that it would likely be implemented on a case–by- 
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case basis, resulting in little debt service and therefore no associated stranded asset. In addition, 
grey water reuse rated high for permitting and other environmental factors in that it would result 
in reduced wastewater discharge to sewer systems. 

5.3.5 Characterization Summary 
A summary of the characterization findings are shown in figure F-5. The top portion of the figure 
shows the estimated quantity of yield, earliest timing of implementation, and estimated cost. The 
bottom portion of the figure shows the 17 criteria and associated ratings (“A” through “E”) for 
each option. As noted previously, some large options were broken into 200-kafy yield steps to 
reflect increasing complexity as project size increases. These steps are denoted numerically, with 
“step 1” being the first 200-kafy increment, followed by subsequent steps (e.g., Municipal1, 
Municipal2, Municipal3.) In general, a “C” rating is typically designated as mostly neutral 
(yellow); “A” is largely positive (green); and “E” is largely negative (red). Refer to appendix F3 
for specific criteria descriptions and rating scales. 

5.4 Local Supply 
Developing new local supply was proposed to increase the overall water supply of the Basin. 
Four options related to local supply were received. The submitted options were reviewed and 
organized into two groups according to the source of local supply. Each group is described 
below. Because of the scope and level of detail provided in the proposed options, the option 
groups are also used as representative options for the characterization process. 

Additional detail related to the representative options and specific characterization is included in 
appendix F7. A more complete discussion of the criteria and ratings descriptions is provided in 
appendix F3. Attachment A of appendix F3 contains more detailed descriptions of the ratings. 
Attachment B provides the methods used for completing the unit cost calculations. Attachment C 
presents the detailed characterization information and is available on the compact disc that 
accompanies this report and on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html.  

5.4.1 Coal Bed Methane-produced Water 
In the process of developing natural gas resources, poor quality groundwater is typically 
“produced” from natural gas wells. The coal bed methane (CBM) industry has generally 
disposed of produced water at the least possible cost rather than treat and use this potential 
resource. In most cases, CBM-produced waters are disposed by injection into Class II 
underground injection wells. This group of options considers treating the relatively high salinity 
water and using it to augment supply in the Basin. 

5.4.2 Rainwater Harvesting 
Rainwater harvesting is the capture, diversion, and storage of rainwater for landscape irrigation 
and other uses. This option group considers how individual household rainwater harvesting can 
increase local supply in some areas of the Basin, with particular emphasis on those areas that do 
not provide return flows to other users downstream. 

 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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FIGURE F-5 
Summary of Characterization Ratings for Reuse Options 
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5.4.3 Characterization of Options 
Quantity of Yield 
Field estimates for CBM-produced water are based on recent CBM development data and 
production estimates combined with unit water production data specific to the Rocky Mountain 
region coal basins. Using the CBM reserves data and a conservative unit water production of 
5 to 10 gallons per million cubic feet of CBM gas, total potential produced water volumes for 
the four major coal basins located within the Basin are projected to be between 161,000 to 
322,000 afy, based on proved reserves, and between 279,000 to 558,000 afy, based on total 
estimated reserves. For the purpose of the Study, it was assumed that CBM wells are installed to 
extract all the reserves over the next 40 years, resulting in between 4,000 afy and 14,000 afy. 

Yield estimates for individual rainwater harvesting are based on normal precipitation in specific 
regions combined with average roof size, landscaped area, and number of households. Using this 
information, a simple rainwater harvesting tool was developed to estimate the potential yield 
from implementation of distributed rainwater harvesting systems. The resulting Basin-wide yield 
estimate is approximately 75,000 afy. 

Timing 
A number of CBM wells are currently producing water; however, the infrastructure needed to 
treat and convey the water would first require policy incentives and then construction. 
Additionally, to realize full-scale benefits, more CBM wells need to be developed. For the Study, 
the time required to affect policy incentives was assumed to be 5 years. The needed 
infrastructure to treat and convey the water was assumed to need another 5 years for 
construction, and the development of additional wells could take up to 20 years. Therefore, it 
would take 5 to 10 years to produce some volumes of new water, and up to 20 years for large- 
scale benefits to be realized. Availability of this source will be dependent on continued 
CBM production and therefore it will be subject to market volatility and long-term viability 
issues, increasing supply uncertainty. For the purposes of the Study, it was assumed that 
CBM production would occur over the next 40 years until proven reserves are exhausted. 

Rainwater harvesting is already being used in some areas of the Basin. The concept is currently 
feasible, in many cases does not require permitting, and is simple to implement with very little 
infrastructure. Therefore, in locations where there is not a water rights issue, the 50-percent 
adoption rate used to estimate yield could be achieved within 5 years. 

Cost 
Because of typically poor water quality, required treatment facilities are the principal factor in 
capital costs. To treat 500 gallons per minute of CBM-produced water with TDS concentration 
of 15,000 milligrams per liter, approximately $4 million in treatment facilities are required. 
Intensive pre-treatment and reverse osmosis result in estimated operating costs of $600 to 
$635 per afy of produced water. When conveyance is considered, an average cost of $2,000 per 
afy was assumed. 

The cost for purchase and installation of a 500-gallon storage tank and irrigation modifications 
was assumed to be $1,000 per household. Because of the limited storage capacity and the 
mismatch in timing of rain events and water demand, harvested rainwater only delivers 
approximately 10 percent of outdoor demand, or approximately 0.02 af per household. As a 
result, the calculated unit cost of water is estimated at $3,150 per afy. 
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Other Key Considerations 
In addition to yield, timing, and cost, the CBM-produced water option group was characterized 
against several other criteria. National Pollution Discharge Elimination System permits would be 
required to discharge the treated water into the watershed, and modifications to existing permits 
would be needed for brine disposal. Challenges associated with implementation include the 
water source’s dependence on the highly volatile energy sector and the large spacing between 
wells, which increases operating costs and reduces flexibility. Finally, the process is energy- 
intensive. Desalting the water would require approximately 4,700 kWh per af, and transporting 
the water from individual wells to collection sites would most likely be done using trucks. In 
addition, there are legal issues that would have to be addressed in order to implement the use of 
CBM-produced water. 

Aside from the high capital cost for individual households, the rainwater harvesting option group 
is easy to implement, is already practiced in many states, has no energy needs, and, depending on 
state and local laws, does not require any permitting. Nonetheless, in some states this option is 
not currently permissible under state laws. Due to water rights concerns to downstream users and 
state law, rainwater harvesting was not considered for Colorado or Utah. 

5.4.4 Characterization Summary 
A summary of the characterization findings are shown in figure F-6. The top portion of the figure 
shows the estimated quantity of yield, earliest timing of implementation, and estimated cost. The 
bottom portion of the figure shows the 17 criteria and associated ratings (“A” through “E”) for 
each option. In general, “C” is typically designated as mostly neutral (yellow); “A” is largely 
positive (green); and “E” is largely negative (red). Refer to appendix F3 for specific criteria 
descriptions and rating scales. 

5.5 Watershed Management 
Changes to watershed management have been proposed to increase the overall water supply of 
the Basin. Ten options related to watershed management were received. The submitted options 
were reviewed and organized into five groups according to the specific type of watershed 
management recommendations. Each group is described below. Because of the scope and level 
of detail provided in the proposed options, the option groups are also used as representative 
options. When potential yield of a representative option exceeds 200 kafy and the option is 
scalable, the representative option was characterized in progressive 200 kafy “steps”.  

Additional detail related to the representative options and specific characterization is included in 
appendix F8. A more complete discussion of the criteria and ratings descriptions is provided in 
appendix F3. Attachment A of appendix F3 contains more detailed descriptions of the ratings. 
Attachment B provides the methods used for completing the unit cost calculations. Attachment C 
presents the detailed characterization information and is available on the compact disc that 
accompanies this report and on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html.  

 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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FIGURE F-6 
Summary of Characterization Ratings for Local Supply Options 
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5.5.1 Tamarisk Control 
Control of invasive tamarisks has been proposed for riparian areas to reduce their overall 
consumptive use and increase streamflow in the Colorado River. Removal of tamarisk is 
proposed in riparian benches where water that would have otherwise contributed to streamflow is 
being consumptively used by tamarisk. A comprehensive report on the state-of-the-science of 
tamarisk management in the Basin is the Colorado River Basin Tamarisk and Russian Olive 
Assessment prepared for the Basin States by the Tamarisk Coalition (2009). It is the primary 
basis of the yield estimates. 

5.5.2 Forest Management 
A large percentage of the runoff from the Basin is derived from forests, particularly in Colorado. 
Previous studies and information have demonstrated that areas in which forest cover is reduced 
by clear-cutting or fires have shown dramatically increased amounts of runoff. This is the result 
of reduced interception, decreased evapotranspiration, and sometimes reduced permeability of 
the soil surface. The magnitude of increased runoff over affected areas may be as much as 
100 millimeters, or 4 inches, per year. The forest management group of options would entail the 
replacement of mature forests that have been cleared by harvesting, fires, or insect infestations 
with stands of replacement growth more likely to be favorable for generating runoff. The 
demonstration of the viability of this option starts in Colorado because the majority of flow of 
the Colorado River system results from runoff generated in that state. Even though Arizona, New 
Mexico, Utah, and Wyoming have significant forested areas, the annual amounts of runoff from 
the forested areas in these states is much lower than in Colorado. The forested area in Colorado 
covers more than 21,000,000 acres, most of which is in the Basin and generates an average 
annual runoff of approximately 11 mafy. 

The Forest Management representative option was separated into sub-options of 200-kafy steps 
to allow for incremental characterization of this large-scale option. 

5.5.3 Brush Control 
Brush control involves reducing brush and therefore reducing consumptive use by vegetation 
communities. There is some evidence that removal of brush and replacement with native grasses 
improves runoff conditions, particularly in areas receiving more than 18 inches of rainfall 
annually. The Basin includes as many as 100,000 square miles of land under the control of the 
Bureau of Land Management (BLM) that is vegetated to varying degrees by brush. The brush 
control group of options recommends various techniques available for brush removal including 
chemical spraying, chaining, roller chopping, root plowing, grubbing, and controlled fires. For 
all types of removal, reseeding with native grasses is required. Most removal methods must be 
repeated at approximately 8- to 10-year intervals to prevent new growths of brush from emerging 
and dominating. 

5.5.4 Dust Control 
These options propose to control land-based dust sources that contribute to dust accumulation on 
snow, which changes the albedo of the snow resulting in earlier snowmelt (Painter et al., 2007 
and 2010; Skiles et al., 2012) and more evaporative moisture losses. By implementing measures 
to reduce the accumulation of dust on snow, lower evaporative losses are anticipated.  
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The Dust Control representative option was separated into sub-options of 200-kafy steps to allow 
for incremental characterization of this large-scale option. 

5.5.5 Weather Modification 
The weather modification group of options was based on two practices. The first is by cloud 
seeding, particularly by introduction of atmospheric silver iodide to serve as condensation nuclei 
that would increase snowfall over mountain regions. The second is to create more inland seas, 
thereby increasing the amount of atmospheric moisture due to increased evaporation. Because 
neither data nor investigations were submitted to support the viability of the second option, the 
primary focus was on evaluating the feasibility of weather modification through cloud seeding. 
Winter cloud-seeding operations have been practiced throughout the West since the late 1940s. 
In recent years, ongoing cloud-seeding operations have been documented in at least five of the 
seven states within the Basin. 

The Weather Modification representative option was separated into sub-options of 200-kafy 
steps to allow for incremental characterization of this large-scale option. 

5.5.6 Characterization of Options 
Quantity of Yield 
The total tamarisk acreage in the Basin has been mapped at 250,000 acres. This value is 
considered low because a significant amount of the data are point data with no actual acreage 
assigned to this information. If one-fourth of the total tamarisk acreage can be managed by a 
tamarisk removal program, the total program acreage is about 60,000 acres. As a Basin-wide 
average, normalized for climate, elevation and latitude estimates of water savings due to reduced 
evapotranspiration by removal of tamarisk and replacement by other species are roughly 0.54 af 
per acre per year. At this rate of water savings, conversion of 60,000 acres from tamarisk to other 
species would save approximately 30,000 afy of consumptive water use. 

As a simplifying assumption for the forest management group of options, it was estimated that if 
5 percent of the forested area in Colorado were managed to increase runoff and the magnitude of 
the increased runoff was 4 inches, more than 300,000 afy of increased flow would be generated. 
However, the increased yield is expected to rapidly decline as new growth begins to replace 
harvested areas. 

Average runoff in the areas of BLM land considered for the brush control group of options is 
minimal, typically in the range of 0.05 to 0.1 inch annually. Therefore, total runoff from this area 
is approximately 250,000 to 500,000 afy. For evaluation purposes, it was assumed that brush 
control could potentially increase runoff by 10 percent. The resultant maximum benefit that 
could be expected if brush control were implemented on all BLM land in the Basin would be 
25,000 to 50,000 afy.  

Referenced modeling studies by the National Oceanic and Atmospheric Administration (Painter 
et al., 2010) and others indicate that as much as 800,000 afy might be recovered by controlling 
the amount of dust accumulating on snow. Due to the uncertainty about the effectiveness of 
measures to control the generation of dust and prevent its deposition on snow, the amount of 
additional runoff that could be obtained was evaluated to be no more that 50 percent of the total 
potential amount, or 400,000 afy. Two steps of this representative option were derived based on 
targeting key areas of emissive lands versus more-distributed dust control. 
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For the weather modification group of options, it is estimated that cloud seeding six major 
runoff-producing areas could produce between 1.1 and 1.8 mafy in the Upper Basin and an 
additional 830,000 kafy in the Lower and adjacent basins. Of the total, it has been estimated that 
approximately 1.7 mafy would be available to reduce deficits or meet new demands. Due to the 
large potential of this option, sub-options of 200,000 afy each were characterized to reflect 
potential issues associated with the scale of the option.  

Timing 
Several ongoing studies and programs have focused on tamarisk control. It is assumed that 
implementing this option group would involve a new program that would build upon earlier 
efforts. A programmatic approach to permitting is assumed that would result in evaluation of 
feasibility within 2 years, obtaining required permits within 5 years, and then implementation 
over a 5-year time frame. Therefore, it is possible to see full-scale benefits from the tamarisk 
control group of options within 12 years. 

The forest management group of options is feasible only if the approach is to perform selective 
harvesting of mature trees in areas where the density is too high, combined with understory 
clearance to minimize forest fires. Other areas of focus would be revegetation of lands that have 
been deforested by forest fires or insect infestations. The time to evaluate the feasibility of forest 
management activities was estimated to be 7 years. The timeframe for permitting was estimated 
to be 3 years, largely due to the consideration that these forest management activities are 
currently being practiced, although not for purposes of increasing runoff. The timing for 
implementation of forest management practices was estimated at 10 years to conform to time 
frames experienced with other forest management measures. Therefore, the total time for 
development of the forest management group of options is estimated to be 20 years. An 
additional 10 years is assumed to implement the program at a full scale. 

Brush control on BLM land involves conversion of vegetative cover from trees such as mesquite 
and juniper to native grasses. This has been implemented over small areas, but not over the large 
area envisioned by this option. The implementation would also require programmatic and 
financial support from federal and state agencies as well as coordination with private contractors 
who are using the BLM land for grazing. The time requirements for evaluation of feasibility 
were estimated to be 5 years, 5 years for permitting, and 5 years for phased implementation. 
Therefore, the total time required for availability of increased runoff from brush control on BLM 
land would be at least 15 years. 

The essential consideration in determination of timing for developing increased runoff through 
dust control is that dust management practices would have to be implemented over a relatively 
large portion of the Colorado Plateau and the Great Basin. The large areal extent led to an 
estimate of the timeframe to evaluate effectiveness as 5 years, followed by 5 years for 
permitting, and 5 years for the first phase of implementation, for a total of 15 years. An 
additional 10 years is assumed for the next increment of implementation due to the more 
distributed nature of management. The essential element of implementation is the widespread 
adoption of practices to minimize wind erosion over large areas. This is most likely to be 
accomplished through financial, regulatory, and educational measures promoted at both federal 
and state levels. 

Weather modification programs have been in effect for many years throughout the West, 
including in the Basin. Based on these existing practices, no additional time would be required 
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for feasibility or permitting of smaller-scale projects. Implementation of smaller-scale projects 
could be completed in 5 years, with each larger increment assumed to require an additional 
5 years for implementation.  

Cost 
The Tamarisk Coalition has estimated that the costs of water saved by tamarisk management 
range from $260 to $1,050 per af (Tamarisk Coalition, 2009) with a Basin-wide average annual 
cost of less than $400 per af. A unit annual cost of $400 per af is assumed. 

For the forest management group of options, the extent to which existing forest roads are 
available (to provide better access for vegetation harvesting and replacement) will have a 
significant impact on cost. One study indicated that the cost could be around $500 per acre after 
considering potential revenue benefits by selling harvested products to processing mills. 
Additional estimates of costs experienced by the U.S. Forest Service for similar management 
activities ranged from $114 to $786 per acre, with estimates for individual forest areas from 
$215 to $1500 per acre on a 20-year rotation. The median cost value was $875 per acre. 
Assuming a cost of $1,000 per acre on a 20-year rotation, with annual maintenance costs of 
about 10 percent of that amount, the unit annual cost of additional runoff generated is 
approximately $500 per af. 

For brush control on BLM land, the preferred method of control would be spraying of the brush 
with herbicides formulated for control of the selected variety of brush, followed by mechanical 
removal of the brush, and then seeding with native grasses to revegetate the affected areas. 
Chemical spraying costs about $30 per acre and has to be repeated at about 10-year intervals 
(Research & Planning Consultants, 2000). If yields could be achieved and maintained, annual 
cost would be approximately $7,500 per af. 

For the dust control option, it was assumed that conversion of the land to native grasses would 
require practices similar to enrollment in the U.S. Department of Agriculture Conservation Reserve 
Program. Costs were estimated for clearing the land by root plowing and then reseeding with 
native grass. It was also assumed that periodic maintenance by spraying would be required at 
approximately 10-year intervals. Based on the costs of these practices, an average cost of $15 per 
acre per year was derived. Implemented over an area of 10,000 square miles, the cost per af of 
increased yield is $500. The first phase of a dust control program is assumed to target those areas 
of the Colorado Plateau that are the most prolific in generating dust emissions and would 
produce greater yield per acre of management than the second phase, so cost per afy is estimated 
at $220. 

For weather modification by cloud seeding, separate cost estimates were derived from the 
California Department of Water Resources and from the documentation provided in the Study of 
Long-Term Augmentation Options for the Water Supply of the Colorado River System (Colorado 
River Water Consultants, 2008). The California reference indicated that cloud seeding produced 
300,000 to 400,000 af of additional runoff at a cost of around $7 million. The investigations 
associated with the augmentation study led to a annual cost estimate of $20 to $30 per af. Higher 
costs were estimated for larger-scale programs due to reduction in yield enhancement for less 
productive regions or storms for similar levels of investment.  
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Other Key Considerations 
For the tamarisk control option group, some studies have indicated that the species replacing 
tamarisk may have consumptive water use levels as great as the tamarisk unless the revegetation 
process is actively managed, resulting in a low rating for long-term viability. However, one 
would not consider managing tamarisk to increase water supply unless the replacement 
vegetation was native and used less water. Active management is also required to ensure that 
tamarisk do not reinvade the replacement species in the riparian zone. Reinvasion is reduced 
along regulated rivers because the ability of seed to be dispersed by flood in river valley bottoms 
(and germinated in the wet zone) is minimized. Studies have also shown that tamarisk stands 
along alluvial channels are effective in anchoring stream banks and preventing stream erosion. 
One unintended consequence of tamarisk control may be an increase in stream erosion in 
affected reaches, resulting in a low rating for water quality until replacement vegetation is 
established. If the option is practiced only on the upland terraces, this adverse impact would be 
minimized. Also, tamarisk control was rated poorly for energy source because the equipment 
used for implementation would likely rely on diesel and gasoline fuel. A potential benefit of 
tamarisk control is improved access to the areas of control for recreational purposes because 
replacement species are more amenable to recreational activities, but removal of tamarisk 
currently being used by endangered and protected species may be an important consideration. 
There are other benefits in terms of riparian habitat improvements associated with this option. 

Forest management is a mature science. Objectives have generally been to increase lumber 
production, maintain habitat and ecosystems, or limit erosion. The primary objective of forest 
management has rarely been to improve runoff conditions. As a result, the overall technical 
feasibility, implementation risk, long-term viability, and operational flexibility are uncertain. 
Forest management would require overcoming substantial implementation and permitting 
hurdles. Although energy needs would be relatively low, the source of energy would likely be 
diesel and gasoline fuel. 

Although the brush control group of options is considered in terms of potential benefit through 
implementation of brush control over a large area, the specific process used for brush control to 
best optimize resultant impacts on hydrology, vegetation, and habitat is very site-specific. Brush 
management over a large scale is expensive and requires ongoing maintenance to ensure that the 
benefits of brush removal are being realized. For example, when brush is removed and replaced 
with native grasses, proper grazing management is required for several years to make sure that 
the grasses are well-established. When not done properly, brush control can adversely affect 
hydrology and grazing and habitat values. For these reasons, technical feasibility, 
implementation risk, long-term viability, and operational flexibility were all given low ratings. 

Other key criteria for the dust control option were also ranked similarly to the other watershed 
management options. 

Weather modification ranked high for operational flexibility because it can be easily 
implemented on various scales from year to year. When considering hydropower, water quality, 
recreation, and other environmental criteria, options that resulted in more water in headwaters 
locations were ranked positively. Socioeconomic impacts were generally judged to be neutral 
because all options created some jobs, although the number of jobs might vary from year-to-year. 



 Technical Report F — Development 
 of Options and Strategies 
  
  

December 2012 F-33 

5.5.7 Characterization Summary 
A summary of the characterization findings are shown in figure F-7. The top portion of the figure 
shows the estimated quantity of yield, earliest timing of implementation, and estimated cost. The 
bottom portion of the figure shows the 17 criteria and associated ratings (“A” through “E”) for 
each option. As noted previously, some large options were broken into 200-kafy yield steps to 
reflect increasing complexity as project size increases. These steps are denoted numerically, with 
“step 1” being the first 200-kafy increment, followed by subsequent steps (e.g., Dust1, Dust2, 
Dust3.) In general, a “C” rating is typically designated as mostly neutral (yellow); “A” is largely 
positive (green); and “E” is largely negative (red). Refer to appendix F3 for specific criteria 
descriptions and rating scales.  

5.6 Municipal and Industrial Water Conservation 
Development of additional M&I water conservation was proposed to further reduce the overall 
M&I water demand in areas currently relying upon water supply from the Colorado River. A 
number of M&I conservation options were submitted for consideration in the Study, with several 
of the submitted options suggesting specific conservation measures. Many of these measures 
have been implemented at a number of locations in the Study Area.  

Because levels of current and future conservation vary throughout the Study Area, different 
levels of potential savings are possible for a given conservation measure. These savings range 
from essentially no savings where measures have been fully implemented to significant savings 
where measures have not been implemented or where adoption rates are relatively low. 
Disaggregating the savings potential by conservation measure and individual location was 
beyond the scope of the Study. Instead, M&I conservation measures were considered for the 
entire Study Area with the acknowledgement that, despite state and regional differences in 
current levels of conservation and potential for future conservation, additional conservation is 
achievable on a Study Area-wide basis. Likewise, it is assumed that additional conservation is 
due to an “active” incentive-based program, such as paying for conversion of turf to xeriscape, 
toilet replacement, etc. The total potential yield of M&I conservation exceeds 200 kafy, therefore 
the representative option was characterized in progressive 200 kafy “steps”.  

Additional detail related to the representative options and specific characterization is included in 
appendix F9. A more complete discussion of the criteria and ratings descriptions is provided in 
appendix F3. Attachment A of appendix F3 contains more detailed descriptions of the ratings. 
Attachment B provides the methods used for completing the unit cost calculations. Attachment C 
presents the detailed characterization information and is available on the compact disc that 
accompanies this report and on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html.  

http://www.usbr.gov/lc/region/programs/crbstudy.html
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FIGURE F-7 
Summary of Characterization Ratings for Watershed Management Options 

 

 
Weather modification (Weather mod) 
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5.6.1 Overall Approach 
These levels of additional M&I demand reduction could be implemented through use of 
progressively ambitious water conservation best management practices (BMPs) and adoption 
rates targeting residential indoor; commercial, institutional, and industrial (CII); outdoor 
landscaping; and water loss demand. Example BMPs and a more-complete discussion of the 
approach to characterizing the additional M&I conservation option can be found in appendix F9. 
Not included in this approach are water use restrictions that may be used as a local response to 
short-term drought. These practices are commonly included in municipal drought management 
plans and may include activities such as enhanced public education and outreach, tiered levels of 
voluntary and mandatory restrictions, short-term rationing, and short-term water rate increases. 
These drought response measures have not been included because they vary significantly by 
geographic location and reflect a short-term agency-specific response to supply challenges rather 
than a long-term measure for balancing supply and demand. 

Many of these BMPs have already been enacted throughout the Study Area, resulting in 
significant conservation savings. For example, a recent study of municipal deliveries of Colorado 
River water (Pacific Institute, 2011) found that most of the municipalities receiving Colorado 
River had experienced significant reductions in per capita water deliveries for the period 1990 
through 2008. A number of States such as California and Utah have programs in place that target 
a certain amount of reduction over time (e.g. California’s 20x2020 program). Likewise, a 
number of individual communities, such as Phoenix, Albuquerque, Denver, and Las Vegas, have 
specific M&I conservation goals. As such, representative BMPs are available to varying degrees 
throughout the Basin.  

In order to examine the potential for additional M&I conservation and to explore the range of 
costs and other factors, three levels of conservation were considered based on assumed levels of 
reductions and adoption rates for residential indoor, CII, landscape, and water loss. Table F-2 
presents the assumptions for Level 1, Level 2, and Level 3 conservation. The assumptions in 
table F-1 were derived from state of Colorado (Colorado Water Conservation Board, 2011) and 
California (CALFED, 2006) approaches and applied to Study Area projected demand to result in 
a Basin-wide estimate of potential water savings. The assumptions were derived for purposes of 
the Study and do not necessarily reflect realistic or achievable local conservation goals.  

Although performing a municipality or regional level analysis of the M&I conservation is 
beyond the scope of the Study, the assumptions are generally consistent with regional approaches 
considered in Colorado (Colorado Water Conservation Board, 2011) and California (CALFED, 
2006).  

5.6.2 Characterization of Options 
Regional Considerations 
The potential M&I water conservation measures are assumed to apply to the Study Area, but 
significant differences in potential water savings exist between geographies due to the current 
level of conservation adoption, commercial and industrial base, and climate. In addition, because 
return flows may provide flow for indirect recycling for some in-Basin locations, indoor 
conservation has little to no net effect on water resources to meet M&I water demand in these 
locations. For in-Basin locations, only reductions in consumptive use will reduce overall 
Colorado River system demand as the return flows from the urban areas is returned to the 
Colorado River or a tributary. 
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TABLE F-2 
Study Area M&I Conservation Assumptions 

 

Level 1 Level 2 Level 3 

Residential Indoor 

Indoor gallons per capita per day (gpcd) 60 50 40 

Adoption rates  50% 60% 70% 

Example types of BMPs: Public education programs, conservation-oriented plumbing and building codes, residential 
water surveys, high efficiency showerheads and faucets, ultra low-flow toilets, efficient clothes washers, meter 
retrofits, etc.  

CII 

Target reduction in demand 15% 25% 30% 

Adoption rates 50% 60% 70% 

Example types of BMPs: Public education programs, conservation-oriented plumbing and building codes, green 
building codes, CII surveys and audits, high efficiency faucets and fixtures, ultra low-flow toilets, high-efficiency 
clothes washers, dishwasher high-efficiency pre-rinse spray valves, meter retrofits, efficiency in industrial processes 
and cooling, etc.  

Outdoor Landscaping 

Target reduction in demand 15% 25% 35% 

Adoption rates 50% 60% 70% 

Example types of BMPs: Public education programs, conservation-oriented pricing, large landscape water surveys 
and audits, evapotranspiration-based irrigation controllers, large landscape separate metering, irrigation efficiency 
improvements, conversion of turf to lower water use landscaping, etc. 

Water Loss 

Target water loss  7% 7% 7% 

Adoption rates 50% 60% 70% 

Example types of BMPs: Utility water loss control, supply system audits and leak detection programs, etc. 

 

In many of the major urban areas receiving Colorado River or tributary water, the overall water 
supply served to communities consists of a significant portion of other supplies (other surface 
supplies, groundwater supplies, reuse, etc.) in addition to Colorado River or tributary water. In 
most of these out-of-Basin areas, the supplies are commingled in the water supply and 
distribution systems before delivery to the consumer. Due to the distributed nature of water 
conservation, water conservation will reduce the overall demand on these supplies, but is not 
likely to result in a one-for-one reduction in Colorado River demand. Likewise, in many adjacent 
areas, water exported from the Basin is reused essentially to extinction. Municipal conservation 
in these areas reduces the amount of water available for reuse, and does not result in a one-for-
one reduction in Colorado River demand. 

Implementation Approaches 
The primary implementation approach under consideration for M&I water conservation is an 
incentive-based program. Public education programs, regulations dictating standard practices 
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for new development, and incentive-based programs encouraging more efficient water use 
are typically implemented. These programs provide the necessary incentives (financial or 
otherwise) to achieve the levels of conservation. Financial incentives provide a cost share for 
implementation of BMPs and have been widely used to facilitate conversion to higher-efficiency 
fixtures and toilets. These types of mechanisms are anticipated to continue to be widely used to 
achieve higher levels of conservation in areas served by Colorado River water. Non-incentive 
based approaches such as plumbing code changes and public education programs are considered 
as well. 

Quantity of Yield 
As described in Technical Report C – Water Demand Assessment, M&I water conservation 
measures have been implemented at many locations throughout the Basin, resulting in significant 
reductions from historical per capita use. The future demand scenarios include, to varying 
degrees, by both scenario and location, some portion of passive conservation (resulting from 
outside entities/programs, such as federal standards) and active conservation (resulting from 
active state and local programs). Conservation considered in the demand scenarios ranges from 
about 300 kafy to more than 1.1 mafy, depending on the assumptions within each scenario 
regarding degree of per capita water demand reductions3. Additional conservation beyond that 
included in the demand scenarios was considered in the three additional conservation levels 
(Levels 1, 2, and 3). The demand reduction from each of these levels was computed by applying 
the assumptions in table F-1 to the M&I demand over the entire Study Area. Table F-3 presents 
the potential additional savings of Colorado River water under these assumptions. For all 
scenarios, these values represent the additional demand reduction by 2060.  

TABLE F-3 
Reductions in Colorado River Basin Demand (afy) for Each Demand Scenario and Conservation Level at 2060 

Conservation Level 

Current 
Projected 

(A) 

Slow 
Growth 

(B) 

Rapid 
Growth 

(C1) 

Rapid 
Growth 

(C2) 

Enhanced 
Environment 

(D1) 

Enhanced 
Environment 

(D2) 

Savings Assumed in 
Demand Scenarios 

478,000 296,000 621,000 1,048,000 1,052,000 1,114,000 

Additional Savings from M&I Conservation 

Level 1 185,000 187,000 207,000 56,000 44,000 55,000 

Level 2 576,000 504,000 681,000 427,000 238,000 383,000 

Level 3 1,051,000 888,000 1,258,000 960,000 654,000 908,000 

 

Significant water conservation has occurred in the recent decades through most urban centers in 
the Study Area. The M&I water conservation savings realized in the demand scenarios and 
potential additional measures will likely occur at a lower annual rate than what has been 
observed in recent historical periods due to differing types of conservation measures and greater 
adoption rates that will need to be included. In addition, as water use efficiency increases, the 
ability to further reduce use diminishes and the uncertainty with respect to future yield increases.  
                                                 
3 The level of M&I conservation included in the water demand scenarios is estimated by first re-computing the M&I demands under each 

scenario, assuming the 2015 gpcd value from that scenario. The difference in the M&I demand in 2060 with gpcd held at 2015 levels from the 
M&I demand in 2060 under the actual demand scenario is the amount of M&I conservation achieved under that demand scenario.  
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As noted for other options, in order to represent the challenges associated with increasing scale, 
when options exceed 200-kafy yield or demand reduction, they were generally assumed to be 
implemented in 200-kafy steps. For example, for the Current Projected (A) scenario, 
M&I conservation options would be available in five steps of 200 kafy each and a final sixth step 
of at 51 kafy. These steps are assumed to proportionally implement progressive amounts of the 
individual levels noted in the table. For example, for the Current Projected (A) scenario, the first 
increment of conservation will implement 185 kafy of “Level 1” practices and 15 kafy of “Level 
2” practices.  

Timing of Option Availability 
Because the M&I water conservation options would be ramped over time, each of the options 
could begin implementation with benefits starting to accrue within 5 years. The potential savings 
of the options would be small in the early years of implementation and grow over time. Ultimate 
savings for each level are assumed to occur in 2060, with the savings progressively ramping 
upward from 2015 through 2060. However, it is possible that adoption rates could be slower or 
faster than those included in the conservation-level assumptions. In addition, conservation Level 
2 would in all likelihood need to have adopted all conservation Level 1 measures, and 
conservation Level 3 would need to have adopted the majority of the measures and adoption 
rates from Level 2.  

Costs 
Table F-4 presents the estimated costs per af of water conservation savings to implement the 
suite of BMPs for each conservation level. The costs range from roughly $350 to $1,400 per afy 
reduction in demand. These costs do not reflect any associated reduction in revenue due to 
reduced water sales. CII and outdoor landscaping water conservation measures represent the 
most cost-intensive measures. Based on the assumption that the water conservation savings result 
in proportional savings to all supplies contributing to Study Area delivery, the demands for 
Colorado River water may only be reduced by about 40 percent of the total Study Area demand 
reduction. However, it is assumed that the cost to Colorado River water users is solely for the 
reduction (benefit) that they achieved and that “other” beneficiaries would pay for their portion 
of the overall benefit. It is quite possible that M&I water conservation in some regions outside of 
the hydrologic basin may result in little to no reduction in Colorado River demand due to cost 
considerations within the region’s water supply portfolio.  

TABLE F-4 
Estimated Costs per af Demand Reduction for Each Conservation Level at 2060 

Costs (afy) for Demand Reduction by Category  

 

Level 1 Level 2 Level 3 

Residential Indoor  $350 $450 $550 

CII $550 $900 $1,200 

Outdoor Landscape $700 $1,050 $1,400 

Water Loss $350 $350 $350 

Weighted Average $500 $750 $950 
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Other Key Criteria 
In addition to yield, timing, and cost, the M&I conservation options were characterized against 
several other criteria. In general, the initial reductions are feasible and comparable examples 
exist in areas of the Southwest and in other arid regions of the world. Subsequent reductions 
become progressively more difficult to achieve and maintain. Programs of this scale are 
underway at state levels, but have not been demonstrated on basins of the scale of the Colorado 
River in North America. It is not anticipated that permitting or legal changes will be required to 
implement these options, but agreements on the methodology and institutional structure will be 
required to implement these options in this multi-jurisdictional basin. Some policy changes may 
be required to fully implement the Level 3 assumptions, and implementation on such a large 
scale might require landscape conversion to xeriscape. There is some implementation risk in that 
yields will fluctuate over time and programs will require continuous funding to maintain overall 
results. Many conservation measures are based on achieving behavior changes in the way water 
is valued and used. The realized conservation savings associated with these measures may be 
dependent on future economic, social, and political conditions that maintain and strengthen these 
behavior changes. However, once savings are realized through most measures they generally can 
be maintained, resulting in long-term viability of the options. These options were rated high with 
respect to operational flexibility because the programs can be stopped at any time without 
incurring significant debt service or resulting in stranded assets. There are no inherent energy 
needs for the M&I conservation options in that they result in reduced demand and reduced need 
to treat and deliver water. For the highest levels of conservation, there could be some 
socioeconomic issues as turf is converted to xeriscaping.  

5.6.3 Characterization Summary 
A summary of the characterization findings are shown in figure F-8. The top portion of the figure 
shows the estimated quantity of yield, earliest timing of implementation, and estimated cost. The 
bottom portion of the figure shows the 17 criteria and associated ratings (“A” through “E”) for 
each option. As noted previously, for implementation purposes, some large options were broken 
into 200-kafy yield steps to reflect increasing complexity as project size increases. For 
conservation, the three conservation levels resulted in demand reduction (yield) from about 
600,000 afy to 1.2 mafy. These resulting yields were implemented in 200-kafy steps. These steps 
are denoted numerically, with “step 1” being the first 200-kafy increment, followed by 
subsequent steps.  

In general, a “C” rating is typically designated as mostly neutral (yellow); “A” is largely positive 
(green); and “E” is largely negative (red). Refer to appendix F3 for specific criteria descriptions 
and rating scales.  

5.7 Agricultural Water Conservation 
Options were submitted proposing agricultural water conservation to reduce the overall water 
demand in areas currently relying upon water supply from the Colorado River. These options 
ranged in type from specific conservation mechanisms or BMPs (e.g., improved irrigation 
efficiencies, modernization, conveyance system efficiencies, changes in types of crops under 
irrigation, etc.) to general implementation approaches to achieve further water conservation 
(e.g., water pricing or water transfers). These options were used to develop agricultural water 
conservation representative options. The representative options were parsed into 200 kafy 
“steps” to represent likely project phasing.  
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FIGURE F-8 
Summary of Characterization Ratings for M&I Conservation Options 
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Additional detail related to the representative options and specific characterization is included in 
appendix F10. A more complete discussion of the criteria and ratings descriptions is provided in 
appendix F3. Attachment A of appendix F3 contains more detailed descriptions of the ratings. 
Attachment B provides the methods used for completing the unit cost calculations. Attachment C 
presents the detailed characterization information and is available on the compact disc that 
accompanies this report and on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html. 

5.7.1 Overall Approach 
The concepts received were first organized into six Basin-wide agricultural water conservation 
mechanisms that reflect different types of activities that could generate water savings in the 
agricultural sector. These agricultural water conservation measures consist of advanced irrigation 
scheduling, deficit irrigation, on-farm irrigation system improvements, controlled environment 
agriculture, conveyance system efficiency improvements, and fallowing of irrigated lands. 
However, because the method of implementation is important for realization of water savings, 
two implementation approaches that could be used to encourage or incentivize adoption of these 
water conservation mechanisms were used to develop representative options— (1) Basin-wide 
agricultural conservation through a federal or state incentivized program to encourage 
agricultural water use efficiency, and (2) Basin-wide agricultural conservation with water 
transfers on a willing transferor-willing transferee basis that promotes water conservation and/or 
short-term or permanent fallowing of irrigated lands to transfer conserved water to a transferee 
for a similar or different use. 

For purposes of the Study, each of the various conservation measures were examined as a Basin-
wide potential, but in reality the measures will have important regional limitations and in some 
cases may be mutually exclusive. The various measures should not be considered to be additive. 

Because levels of current agricultural conservation measures vary throughout the Study Area, 
different levels of potential savings are possible for a given conservation measure. These savings 
range from essentially no savings, where measures have been fully adopted, to significant 
savings, where measures have not been adopted or where adoption rates are relatively low. 
Disaggregating the savings potential by conservation measure and individual location was 
beyond the scope of the Study. 

In addition, the conservation measures could produce different amounts of savings depending on 
the location in the Basin, implementation approach, and combination of measures; the total 
quantities were estimated as an aggregate for each implementation approach. Up to 1 mafy of 
potential savings by 2060 was considered for each approach (conservation and conservation with 
transfers) although the approaches are not considered additive. 

5.7.2 Characterization of Options 
Regional Considerations 
The potential agricultural water conservation measures are assumed to apply to the overall Study 
Area, but significant differences in potential water savings exist between in-Basin and adjacent 
irrigated areas due to water budget considerations, application efficiency and consumptive use 
considerations, and downstream uses dependent on return flows. In addition, applied water 
requirements and evapotranspiration vary across the Basin depending on elevation, climate, soils, 
irrigation methods, crop types, and other factors. Differences between in-Basin and adjacent area 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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conservation potential and applied water requirements were considered, but the assessment of 
conservation was not planning area or state-specific.  

Implementation Approaches. The two primary implementation approaches considered are 
conservation through incentive-based programs and conservation with water transfers. For either 
approach, program controls are necessary to ensure that water conservation investments provide 
measurable returns in verifiable water savings. Water conservation program controls should 
address the following issues: 

• Conserved water needs to be measurable and easily observable and, where costs are not 
prohibitive, should be verified by volumetric water use measurement. 

• Legal mechanisms must be in place to protect conserved water in-stream for intended uses, 
especially in areas where insufficient stream flow currently limits downstream water users 
from exercising their full diversion rights. 

• Controls may be needed to prevent expansion of effectively irrigated areas associated with 
water conservation investments. 

• A healthy agricultural economy must be maintained and associated policy implications 
considered. 

A key distinction between incentive-based programs and water transfers as defined here is 
whether a legal transfer of water or water rights is involved. The incentive-based programs are 
assumed to be accomplished without legal transfer of water or water rights, whereas the water 
transfers specifically revolve around legal transfers of water or water rights. 

Incentive-based Programs. Incentive-based programs can take different forms depending upon 
the type of water conservation option and the type of collaborator (e.g., water user versus water 
purveyor). Generally, this option involves providing financial incentives through:  

• Grants or low-interest loans to construct infrastructure projects 

• Cost-share payments to offset the costs of irrigation system conversion 

• Incentive payments to growers that adopt water conservation practices and provide 
documentation of management practices (payments to implement specific observable 
practices) 

• Incentive payments based on a reduction in volume of water diverted or consumptively used 
(no specific practice is required, but savings must be measured relative to a baseline)  

• Water pricing changes 

Several existing federal incentive programs could be applicable under this approach.  

Water Transfers. Water transfers represent the legal transfer of water or water rights from one 
use to another. Within an agricultural water use framework, transfers can be implemented on a 
temporary basis (one growing season) from year to year through the acquisition or lease of water 
or a water right or on a permanent basis essentially through the acquisition or sale of water or a 
permanent water right. Typically, water transfers are negotiated on a willing-transferor, willing-
transferee basis and can be implemented on a direct transferor-transferee arrangement or can be 
facilitated through a water bank.  
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Quantity of Yield 
The methods used to quantify potential yield from agricultural conservation all distinguish 
between conserved water that would have been lost to the Basin versus conserved water that is 
simply re-routed within the Basin. Generally, any savings in water that would have been 
exported from the Basin is counted as reduced depletion and therefore potential yield; within the 
Basin, only reductions in consumptive uses are counted as potential yield. 

Due to the "supply-limited" nature of irrigation water use in the Upper Basin and the high degree 
of sequential reuse of return flow, it is expected that agricultural water conservation savings in 
these areas will be limited due to downstream return-flow-dependent uses. For a given funded 
water conservation project, a portion of the field-scale water savings will likely be demanded by 
junior downstream users that have historically relied on these return flows. Exceptions to this 
condition will occur in the most downstream areas of irrigation projects where downstream 
ability to reuse return flows is limited. Additionally, there may be distinctions between surface 
and groundwater return flow impacts, with downstream users being more immediately and 
directly dependent upon surface return flows. The estimated quantities of yield and cost per afy 
of water conserved discussed below and presented in table F-5 are based on field-scale estimates 
and are not discounted for return-flow-dependent uses until they are shown in table F-5. 

The estimated quantities of yield, before discounting for the effect of return-flow-dependent use, 
are discussed in this section for each of the agricultural water conservation measures. Table F-5 
summarizes the percent reduction in consumptive use or total diversion associated with 
implementing a unit amount of each measure. These estimates are explained in the following 
sections. 

TABLE F-5 
Estimated Potential Water Savings Percentages at the Farm Scale for Each Agricultural Water Conservation Measure 

Water Conservation Measure 

Reduction in 
Consumptive Use 

(In-Basin) 

Reduction in Total 
Diversion 

(Outside Basin) 

Advanced Irrigation Scheduling 0% 13% 

Deficit Irrigation 13% 20% 

On-Farm Irrigation System Improvements 0% 20% 

Conveyance System Efficiency Improvements 1% 20% 

Controlled Environment Agriculture 50% 50% 

Irrigated Lands Fallowing 40 to 100% Up to 100% 

Water savings for reductions in total diversion have not been discounted for effects of return-flow-dependent 
use. 

 
Because the conservation measures could produce different amounts of savings depending on the 
location in the Basin, implementation approach, and combination of conservation measures, the 
total quantities were estimated as an aggregate for each implementation approach rather than a 
summation of individual conservation measures. Up to 1 mafy of potential savings by 2060 was 
considered for either Basin-wide conservation with or without transfers but is not considered 
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additive. By comparison, the summation of potential water savings from each conservation 
measure totals 2.44 mafy when accounting for non-consumptive use savings outside the Basin 
and ignoring return flow impacts. This amount is reduced to 833,000 afy when only consumptive 
use savings are considered under each approach category. Table F-6 summarizes the potential 
agricultural water conservation savings by measure and implementation method.  

TABLE F-6 
Estimated Potential Water Savings at the Farm Scale for Each Agricultural Water Conservation Measure  

Water Conservation Measure 

Reduction in 
Consumptive Use 

(af) 

Reduction in Total 
Diversion 

(af) 

Advanced Irrigation Scheduling 0 270,000 
Deficit Irrigation 100,000 130,000 
On-Farm Irrigation System Improvements 0 490,000 
Conveyance System Efficiency Improvements 0 820,000 
Controlled Environment Agriculture 13,000 13,000 
Irrigated Lands Fallowing 720,000 720,000 

TOTAL 833,000 2,443,000 

 

Timing of Option Availability 
Because the agricultural water conservation options would be ramped over time, it was 
considered that the improvements to irrigation management, on-farm irrigation improvements, 
and changes in crop consumptive use could occur in as early as 10 years. Large infrastructure 
projects, including conveyance system efficiency improvements and controlled environment 
agriculture, were estimated to require at least 15 years before full implementation due to the 
planning, permitting, design, and construction needs. 

Costs 
Costs for implementing agricultural water conservation measures will vary regionally and with 
different levels of conservation programs. Costs were estimated based on review of existing 
programs implementing such measures.  

Based on the estimates reported by Cooley et al. (2010), the costs for improved irrigation 
scheduling and deficit irrigation were approximately $100 per afy and $43 per afy and the cost of 
on-farm irrigation efficiency improvements was $390 per afy. These estimates were based on 
total water savings, not reduction in consumptive use.  

Achievements of reduced consumptive use through rotational or permanent fallowing were 
estimated based on existing fallowing programs and administration costs. The IID has recently 
offered $125 per af to growers for fallowing fields to provide conserved water for transfer and 
for mitigation purposes (IID, 2012). This price applies to the full reduction in applied water.  

Costs for conveyance system efficiency improvements vary substantially depending on the 
characteristics of the existing delivery system. System improvement options developed for the 
IID Efficiency Conservation Plan (2007) ranged from $140 to $800 per af of reduced diversion.  

Controlled environment agriculture costs vary by crop type, hydroponic or aquaponic system, 
and installation technique. Initial capital costs are more than 10 times higher than traditional 
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agricultural operations, with construction costs of $3 to $7 per square foot reported for relatively 
large-scale greenhouses (U.S. Department of Agriculture, 2003; Mississippi State University 
Extension Service, 2009). Based on an assumed 1.5 af per acre per year savings, unit costs are 
likely approaching $6,000 per af. This cost would be offset to some extent by improved crop 
yield, quality, and price, but these benefits are highly dependent on market conditions.  

In general, it is anticipated that agricultural conservation programs would be implemented from 
least costly to more costly and that these costs will vary somewhat by the implementation 
program and specific BMPs considered. It is assumed that “Conservation” is more focused on 
on-farm and delivery system improvements, whereas “Conservation with Transfer” is more 
focused on fallowing. These assumptions are based on current implementation programs and 
legal structures that favor specific practices depending on whether the conserved water is 
transferrable. Table F-7 presents the estimated costs for about 1 mafy of savings when 
200,000-afy steps are considered. Note that the initial step of “Conservation” is dominated by 
On-Farm conservation with other measures such as System conservation and Fallowing being 
implemented in greater proportions in subsequent levels. When transfers are considered, 
however, fallowing is the dominant measure. In both cases, costs increase with increasing yield 
requirements. 

TABLE F-7 
Agricultural Conservation Annual Costs per af of Savings by Implementation Type 

 

Savings 
(mafy) Conservation1 Conservation with Transfer2 

Step 1  0.2 On-Farm $150 Fallowing $250 

Step 2 0.4 

 

$300 

 

$400 

Step 3 0.6 System $500 System $500 

Step 4 0.8 

 

$600 

 

$600 

Step 5 1.0 Fallowing $750 On-Farm $750 

1 Begins with programs more heavily weighted toward On-Farm Measures (Deficit Irrigation, 
Advanced Irrigation Scheduling, On-Farm System Improvements) but includes some portions of 
System Improvements and Fallowing in subsequent steps. 
2 Begins with programs more heavily weighted toward Fallowing but includes some portions of 
System Improvements and On-Farm in subsequent steps. 
 

Other Key Criteria 
In addition to yield, timing, and cost, the agricultural water conservation options were 
characterized against several other criteria. A summary of the findings for all criteria is shown in 
figure F-9. In general, these options are technically feasible and examples exist in areas of the 
Southwest and in other arid regions of the world. Controlled environment agriculture is unlikely 
to be economically feasible on a large scale under foreseeable circumstances. Irrigation 
management and efficiency improvement programs have been undertaken at district and state 
levels, but have not been demonstrated in basins on the scale of the Colorado River in North 
America. It is not anticipated that significant permitting will be required to implement these 
options. However, these options will affect diversion patterns, return flow quantities and 
locations, and groundwater recharge. These changes could generate legal challenges.  
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Coupling agricultural conservation with a transfer mechanism can have varying degrees of 
political and legal complexities depending on the nature of the transfer. For example, an Upper 
Basin banking concept was explored in the Study that assumes water generated through 
agricultural conservation is transferred to a downstream conceptual water bank near Lake 
Powell. Transfers of this nature would have significant policy and legal challenges. The 
characterization ratings shown in figure F-9 do not reflect transfers associated with banking 
arrangements and assume all saved water in the Upper Basin States is made available to local 
water users within the priority system.  

All options have some implementation risk in that yields will fluctuate over time and programs 
will require continuous funding to maintain overall results. Controlled environment agriculture 
has additional challenges due to the very large capital requirements: at an average $5.43 per 
square foot (Mississippi State University Extension Service, 2009), more than $2.6 billion would 
be required to construct the facilities for 11,000 net acres of production. Additional long-term 
challenges would include maintaining sufficient revenue to pay the debt service and operations. 
For the other options, once savings are realized they can be maintained, resulting in long-term 
viability.  

The non-structural options were rated high with respect to operational flexibility, because the 
programs can be stopped at any time without incurring significant debt service or resulting in 
stranded assets. However, structural (including irrigation infrastructure) options do not have high 
operational flexibility. Non-structural agricultural water conservation options do not require 
energy, but on-farm irrigation improvements generally will require energy for pressurizing 
sprinkler and drip systems or for pumping recycled tailwater. Greenhouses require pressurized 
irrigation and may require heating and cooling systems, depending on location and season of 
operation. Agricultural water quality issues primarily relate to fertilizers and pesticides in return 
flows to surface or groundwater. All of the options reduce return flows, so they could have 
positive effects on water quality. All options would likely have generally positive or neutral 
impacts on hydropower and recreation. Impacts on other environmental factors are uncertain. In 
some cases, the lower diversions could be positive by leaving additional flow in streams; in other 
cases, reduced return flows could affect environmental resources such as riparian vegetation 
along canals and drains that have come to rely on the return flow. Structural options such as 
system conveyance improvements and controlled environment agriculture would have 
construction-related impacts. 

All of the options would require some additional spending in local communities to implement, 
and would therefore support local economic activity. Only the reduced consumptive use option 
was rated low on socioeconomics due to the potential effect on agricultural communities under 
long-term fallowing and reduced crop production. It is possible that these effects can be 
mitigated by taking a Basin-wide rotational approach to this option such that individual 
communities do not experience the impacts in a sustained manner. 

5.7.3 Characterization Summary 
A summary of the characterization findings are shown in figure F-9. The top portion of the figure 
shows the estimated quantity of yield, earliest timing of implementation, and estimated cost. The 
bottom portion of the figure shows the 17 criteria and associated ratings (“A” through “E”) for 
each option. As noted previously, some large options were broken into 200-kafy yield steps to 
reflect increasing complexity as project size increases. These steps are denoted numerically, with  
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FIGURE F-9 
Summary of Characterization Ratings for Agricultural Water Conservation Options 
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“step 1” being the first 200-kafy increment, followed by subsequent steps. In general, a “C” 
rating is typically designated as mostly neutral (yellow); “A” is largely positive (green); and “E” 
is largely negative (red). Refer to appendix F3 for specific criteria descriptions and rating scales. 
For purposes of consistency with the other options that were separated into sub-options of 
200-kafy steps, both agricultural conservation with and without transfers were assumed to be 
implemented through steps of 200 kafy. 

5.8 Energy Sector Water Use Efficiency 
Options to improve the water use efficiency of the energy sector have been proposed to reduce 
the water demand in the Basin. Four options related to energy water use efficiency were 
received. The submitted options were reviewed and organized into two groups according to the 
different concepts proposed for reducing water demand. The option groups are described below. 

Additional detail related to the representative options and specific characterization is included in 
appendix F11. A more complete discussion of the criteria and ratings descriptions is provided in 
appendix F3. Attachment A of appendix F3 contains more detailed descriptions of the ratings. 
Attachment B provides the methods used for completing the unit cost calculations. Attachment C 
presents the detailed characterization information and is available on the compact disc that 
accompanies this report and on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html. 

5.8.1 Conversion of Power Plants to Air Cooling 
This option group includes removing the evaporative cooling systems at the 15 largest power 
plants in the Basin and installing air-cooling systems. When evaluating this option, the following 
obstacles to retrofitting existing water-cooled power plants with air-cooling systems were 
considered: 

• High cost of installing air-cooling systems  

• Effect of air cooling on plant power output during hot weather  

• Effect of air cooling on plant efficiency 

• Applicability of air-cooling technology to the plant systems designed for water- cooled 
service 

• Larger site footprint required for air-cooled system 

• In general, air cooling reduces the overall capacity to produce power by about 10 to 15 
percent, with disproportionate reductions during the warmer months when peak load often 
occurs.  

5.8.2 Water Use Efficiencies in the Oil and Gas Industry 
This concept addresses the need for a reliable water source for oil and gas development, and 
suggests options for ensuring sufficient supplies through a number of improved efficiency 
measures. Options suggested increased regulation on oil and gas exploration to protect water 
resources from contamination, and use of treatment processes to make the byproduct water 
available as a new supply instead of disposing the water to evaporation lagoons or deep wells. 
Another option involves maximizing efficiency of water use at oil and gas refineries. Although 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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described here for completeness, the treatment and use of the natural gas byproduct water is 
included in the local supply category and is not characterized here. Also, increased reuse of 
industrial type waters is covered in the industrial reuse category and not characterized here. 

5.8.3 Characterization of Options 
Quantity of Yield 
Developing yield estimates for these options includes researching historical and estimated future 
use of water by power plants. The 15 largest power plants in the Basin consume approximately 
167,000 afy of water. Assuming 95 percent of that amount could be saved by converting to air 
cooling, about 160,000 afy of yield is potentially available with this concept. 

Timing 
Feasibility studies to identify the estimated amount of power generation loss due to reductions in 
efficiency and plans for making up those losses are assumed to take up to 3 years. Revised air 
quality and noise permits are required for the alternate equipment, and it could take 2 or more 
years to acquire those permits. Detailed design and construction could take another 5 years, with 
a total timeframe of at least 10 years.  

Cost 
The cost for the decommissioning of wet cooling systems and construction of air-cooling 
systems, plus the increased cost of operation of the power plants, were estimated in the Study of 
Long-Term Augmentation Options for the Water Supply of the Colorado River System (Colorado 
River Water Consultants, 2008). The study estimated the costs at approximately $1,300 per af for 
plants of 2,000 MW and greater capacity and as much as $4,000 per af for plants smaller than 
1,000 MW capacity. The costs will vary at each facility, but the estimated weighted average 
annual cost is about $2,000 per af of water saved. 

Other Key Considerations 
The technology behind improving energy water use efficiency is proven and reliable, resulting in 
a high feasibility rating. In regard to implementation, there is likely to be opposition from the 
power industry due to increased costs and reductions in efficiency, and possible opposition from 
the public due to potential increases in costs of energy to the greater community. Long-term 
viability is believed to be high because once the technology is installed and paid for, water 
demand is permanently reduced. Due to the investment and infrastructure required, operational 
flexibility is limited because the criterion penalizes options with high debt service costs that exist 
even when the option is put into an idle mode. Although the option conserves water use in the 
energy generation process, it is projected to reduce energy generation by 10 to 15 percent. 
Applying the “fence line” concept described earlier to the option characterization implies that the 
reduced generation is outside of the “fence line,” resulting in a neutral score. When considering 
hydropower, water quality, recreation, and other environmental impacts, this concept could result 
in reduced diversion for these Upper Basin power plants, and increased water in the river. It is 
also unknown how this water would be used by others, which could result in a change in how the 
downstream river reaches are operated. Due to these unknowns, neutral conditions were assumed 
for these criteria. Socioeconomic impacts are difficult to fully assess because jobs will be created 
with all of these options. There is also likely to be a combination of positive and adverse impacts 
in the exporting regions. Without more-detailed assessments, neutral conditions were assumed 
for socioeconomics. 
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5.8.4 Characterization Summary 
A summary of the characterization findings are shown in figure F-10. The top portion of the 
figure shows the estimated quantity of yield, earliest timing of implementation, and estimated 
cost. The bottom portion of the figure shows the 17 criteria and associated ratings (“A” through 
“E”) for each option. In general, “C” is typically designated as mostly neutral (yellow); “A” is 
largely positive (green); and “E” is largely negative (red). Refer to appendix F3 for specific 
criteria descriptions and rating scales. 

5.9 System Operations 
Options dealing with modified system operations have been proposed to increase the overall 
water supply, decrease demand, reduce evaporation losses, and improve efficiency within the 
Basin. The submitted options were reviewed and organized into three option groups according to 
the overarching concept driving the new or modified operation. Representative options were 
developed for each option group to represent the distinct nature of the options within each group. 
When potential yield of a representative option exceeds 200 kafy and the option is scalable, the 
representative option was characterized in progressive 200 kafy “steps”. The option groups and 
representative options are described below.  

Additional detail related to the representative options and specific characterization is included in 
appendix F12. A more complete discussion of the criteria and ratings descriptions is provided in 
appendix F3. Attachment A of appendix F3 contains more detailed descriptions of the ratings. 
Attachment B provides the methods used for completing the unit cost calculations. Attachment C 
presents the detailed characterization information and is available on the compact disc that 
accompanies this report and on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html. 

5.9.1 Evaporation Control Covers 
This group of options includes physical and chemical methods to reduce evaporation from the 
major canals and reservoirs. Physical covers would incorporate solar photovoltaic panels to 
simultaneously reduce evaporation and generate electricity. Concepts involving chemical covers 
include the introduction of a chemical to the water surface of large reservoirs to reduce the 
evaporation rates of the reservoirs.  

Based on these distinct concepts, three representative options were developed: 

• Solar Panel Canal Covers 
• Solar Panel Reservoir Covers 
• Chemical Type Covers 

5.9.2 New Water Storage 
These options involve the construction or expansion of reservoir projects in order to increase the 
amount of system storage available. There are two representative options in this group: 

• New Water Storage 
• Improved Groundwater Management 

 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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FIGURE F-10 
Summary of Characterization Ratings for Energy Water Use Efficiency Options 
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5.9.3 Modified Reservoir Operations  
Recommendations for changing current operations were proposed to improve water management 
in the Basin. While many of the characterization criteria apply to these options, the options’ 
complexity limits the ability to select ratings for each criterion. The application criteria are 
discussed qualitatively in the following section.  

The submitted options were reviewed and organized into five representative options according to 
the specifics of the recommendation:  

• Reduce Reservoir Evaporation 
• Prioritize Lake Mead Storage 
• Maximize Hydropower Generation 
• Operating for Environmental Purposes 

5.9.4 Characterization of Options 
For the system operations category of options, only the options in the Evaporation Control 
Covers and New Water Storage underwent a characterization with ratings assigned to each 
criterion. Due to their technical and legal complexity, the options that comprise the Modify 
Operations group were not assigned ratings. However, available information on relevant criteria 
are discussed below.  

Quantity of Yield 
For the evaporation control covers options, estimated yields varied based on the scope of 
application. Expected savings due to reduced evaporation are 18,000 afy for canal covers, 
200,000 afy for reservoir covers, and 850,000 afy for chemical type covers.  

Adding additional reservoirs or other storage could result in additional yield. Storing 1.2 million 
af in the proposed high-altitude Union Park Reservoir instead of in Lake Powell would result in 
some additional yield due to reduced losses from evaporation. Based on existing evaporation 
rates at each location, approximately 20,000 afy could be saved under ideal conditions. Because 
specific locations have not been identified for additional storage reservoirs to capture unused 
water already released from Lower Basin reservoirs, the additional volume of water made 
available cannot be accurately estimated. 

The improving groundwater management option is related to recovering groundwater in areas 
where long-term sustainable groundwater pumping is not being practiced. This option does not 
produce “new” yield for the system.  

Typical evaporation at Lake Powell is around 50 inches per year.  Similarly, evaporation at Lake 
Mead is estimated to average approximately 80 inches per year (U.S. Geological Survey 
[USGS], 2006).  The reservoirs have differing surface area to storage characteristics, and there 
are numerous other operational objectives that must be met; therefore, it is not possible to 
perform simple calculations to estimate potential benefits of evaporation savings associated with 
revised operations. A detailed modeling assessment was not performed for the Study.  However, 
historical studies (Colorado River Consultants, 2008) and analysis conducted for this Study 
suggest that between 0 and 300,000 afy could be saved through reoperation.  For the remaining 
representative options in the modified reservoir operations group, no new yield is expected. 
Prioritizing Lake Mead storage would result in higher evaporation losses and negative yield to 
the system. 
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Timing 
To better understand the potential of the physical cover options, a 2-year feasibility study should 
be considered. If deemed feasible and the concept was aggressively pursued, 2 years of 
permitting followed by 5 years of construction is plausible, totaling about 10 years. An additional 
5 years is anticipated to be required for the floatovoltaic concepts to address potential issues with 
covering the lakes. Because use of chemical covers to reduce evaporation is not common 
practice, feasibility studies followed by pilot programs on smaller water bodies would be 
expected before being attempted on a large scale. Also, extensive permitting would likely be 
required to show (with confidence) that adding the chemical to the water does not have negative 
impacts on water quality, public health, or the ecosystem. It is assumed that the studies and small 
pilot-scale test could take place within 5 years. Next, a larger-scale pilot of an additional 5 years 
may be required. Next, permitting and additional testing would likely take 3 years, and 
application could take another 2 years. Therefore, 15 years could be required for full- scale 
implementation.  

All aspects of the proposed CCP (Central Colorado Project) (New Water Storage) are currently 
feasible from a technical standpoint. Feasibility analysis of the concept has already begun and 
could be completed within 3 years; however, construction of a new dam and modified flows in 
the upper reaches of the basin would require significant permitting and most likely an 
environmental impact statement. Allowing for 15 years to complete the permitting process and 5 
years to construct the facilities, the CCP would take approximately 20 years to implement. 

Because other specific projects have not been identified for additional storage to capture unused 
released water, the time required to implement the project cannot be estimated. 

The modification of Lakes Powell and Mead operations to reduce evaporation losses has 
significant legal and political implications. Any operational modifications could not occur until 
after 2026, when the 2007 Interim Guidelines (Colorado River Interim Guidelines for Lower 
Basin Shortages and the Coordinated Operations for Lake Powell and Lake Mead (U.S. 
Department of the Interior [DOI], 2007) expire. Furthermore, re-operating either reservoir solely 
to reduce evaporative losses is not consistent with either facility’s authorized purposes. The other 
representative options in this group are all technically feasible but require changes to existing 
operating agreements, permitting, and must be within existing authorizations. 

Cost 
SPG Solar performed a pilot study and published the results showing that 3 acres of floatovoltaic 
coverage has an estimated capital cost of $5 million and generates about 1 MW of power 
(SPG Solar, 2007). Assuming the photovoltaic panels have a 15-year life and are amortized at 
4.125 percent, the annual cost of the $5 million installation is about $450,000 per year. 
Assuming the power generated can be sold at $0.05 per kWh, the power generation is worth 
$135,000 per year. Assuming 5 feet per year evaporation reduction, a very rough estimate of 
costs is $20,000 per af.  

In the case of chemical covers, the costs include airplanes, fuel, pilots, aircraft maintenance, and 
the chemical product. Assuming chemical application every 10 days and two planes for chemical 
application, annual O&M is on the order of $38 million. Amortizing the cost of purchasing or 
leasing the airplanes ($3.8 million) and estimating the annual costs of the other cost items results 
in a rough estimated unit cost of about $100 per af.  
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According to the information provided in the option submittal, construction of the Union Park 
Reservoir would cost approximately $400 million. For the purposes of the Study, it has been 
assumed that other facilities considered in the plan, including pipelines and pump stations 
between the new and existing reservoirs, would cost an additional $200 million to construct. It is 
also assumed that the cost of operations would be significantly reduced by the revenue generated 
from energy production. Based on these assumptions and considering a yield of 20,000 afy, the 
unit cost of saved water is approximately $2,250 per af of conserved water. 

Assuming the cost per unit of water conserved would be half as efficient as the recently 
completed Warren H. Brock Reservoir System, the option to create a reservoir to capture unused 
releases is estimated to cost about $500 per af.  

The annualized unit cost of improved groundwater management is not applicable because no 
additional yield is realized.  

The concept requiring reoperation of the river system between Lake Powell and Lake Mead to 
reduce evaporation requires no new facilities. However, there would likely be significant costs 
associated with the changes in timing of water deliveries, hydropower generation, and ecological 
and recreational impacts. Due to their complexity, these costs were not estimated for purposes of 
the Study. The remaining option groups relating to modifying operations of existing reservoirs 
were estimated to generate no additional yield. Therefore, cost estimates are not applicable for 
these option groups. 

Other Key Considerations 
In addition to yield, timing, and cost, solar panel cover type options were characterized against 
several other criteria. In regards to technical feasibility, a neutral rating was given because 
floating solar panels have been implemented previously, but not at the proposed scale. 
Permitting, legal, and policy considerations are expected to be positive or neutral for options 
related to covering the canals, but more challenging for options that physically cover the lakes. 
In regards to long-term viability, covering canals is viewed to have few challenges, but 
physically covering the lakes is viewed to be more challenging related to potential loss of 
permits even after initial implementation. Operational flexibility is related to the ability to put the 
concept in idle in wet years without negative consequences, and installing physical covers does 
not have that degree of flexibility. In regards to energy needs, the solar panel covers actually 
generate energy. In regards to hydropower, concepts that reduce evaporation in reservoirs can 
later increase hydropower production. Moderate improvements to water quality are anticipated 
for all evaporation reduction options due to higher river flows that reduce salinity concentrations. 
Recreation is likely to be impacted due to the physical covers limiting access to part of the lakes. 
Conversely, reducing evaporation will likely increase lake levels and may positively influence 
shoreline recreational access. Environmental impacts for the concepts related to physically 
covering the lakes are unknown, but impacts related to changing sun exposure might be possible. 
Socioeconomic impacts are difficult to fully assess because jobs will be created with these 
options, but there is also likely to be a combination of positive and negative impacts when 
considering more than just job creation. Without more-detailed assessments, neutral conditions 
were assumed for socioeconomics. 

In regards to technical feasibility, chemical covers do not characterize as well as physical covers 
due to the limited amount of published literature studying whether the concept would work on 
large reservoirs the size of Lake Mead or Lake Powell that are located in hot, dry and windy 
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climates. The option scores poorly on permitting due to potential pilot testing that may be 
required to confirm that adding the chemicals will not have a negative impact on the ecosystem. 
The chemical cover option did score better than the physical covers option for operational 
flexibility because in wet years it is possible to halt operations and stop the practice of adding the 
chemicals to the water. Implementing the chemical cover concept requires regular introduction 
of the chemical to the lake via airplanes and therefore requires energy in the way of airplane fuel. 
Adverse impacts to recreation are expected because of reduced access to the reservoirs. 
Socioeconomic impacts are difficult to fully assess because jobs will be created with these 
options, but there is also likely to be a combination of positive and negative impacts when 
considering more than just job creation. Without more detailed assessments, neutral conditions 
were assumed for socioeconomics. 

Additional key criteria for the pumped storage CCP option include permitting, operational 
flexibility, and energy needs. No recent precedent exists for successfully permitting such a 
facility in the proposed region in the recent past, and the project has had significant organized 
opposition for the past 30 years. Although there are no technical feasibility issues with 
operational flexibility, the debt service for the capital costs would still be required in years when 
less revenue could be generated. This is problematic because the debt is proposed to be serviced 
by power-generating revenues dependent on the normal reservoir operations. Last, the unused 
releases water reservoir concept is difficult to characterize without a more-detailed plan. The 
concept is dependent on very specific conditions that may not exist elsewhere in the Basin. 

The option to modify reservoir operations to reduce evaporation would require distinctly 
different operations than are currently in place. Therefore, long-standing policies that would have 
wide impacts to Basin stakeholders would need to be reconsidered. This option would also 
reduce or at least change the flows through the Grand Canyon, which could have environmental 
impacts.  

Options to prioritize Lake Mead storage would have significant environmental, recreational, and 
policy issues. There would likely be significant public opposition to lowering Lake Powell 
resulting from impacts on legal obligations and policy objectives, because Lake Powell provides 
the mechanism for the Upper Basin to satisfy its compact obligations.  

5.9.5 Characterization Summary 
A summary of the characterization findings are shown in figure F-11. The top portion of 
the figure shows the estimated quantity of yield, earliest timing of implementation, and estimated 
cost. The bottom portion of the figure shows the 17 criteria and associated ratings (“A” through 
“E”) for each option. As noted previously, some large options were broken into 200-kafy yield 
steps to reflect increasing complexity as project size increases. These steps are denoted 
numerically, with “step 1” being the first 200-kafy increment, followed by subsequent steps. In 
general, a “C” rating is typically designated as mostly neutral (yellow); “A” is largely positive 
(green); and “E” is largely negative (red). Refer to appendix F3 for specific criteria descriptions 
and rating scales. 
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FIGURE F-11 
Summary of Characterization Ratings for System Operations Options 
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5.10 Water Transfers, Exchanges, and Banking  
Water transfers, exchanges, and banking have been proposed to increase the efficient use of 
existing supplies in the Basin. This group consists of options that are reflected in the following 
representative options:  

• Water Transfers and Exchanges 
• Guided Water Markets 
• Upper Basin Water Banking 
• Lower Basin Water Banking 
• Groundwater Banking 
Due to their complexity and the inability to develop representative options indicative of all water 
banking or transfer-type options, these options have not been assigned ratings for the 17 criteria. 
Water transfers and banking options generally require working in conjunction with conservation 
options (agricultural or M&I) in order to generate the water to be transferred or banked. The 
characterization of the options to conserve water is described in the respective conservation 
sections of this report, M&I Water Conservation, and Agricultural Water Conservation.  

5.10.1 Water Transfers and Exchanges  
Water transfers are a voluntary change in the way water is distributed among water users. 
Intrastate transfers can be temporary or long-term changes in points of diversion, place of use, or 
purpose of use due to a transfer or exchange of water or water rights (California Water Code, 
2010). Water rights in the Basin are governed by a complex structure of federal laws and 
agreements that collectively form the Law of the River, which governs the allocation of water to 
and among states and in certain cases among water users, and state water rights structures, which 
allocate water to individual water right holders within states.  

Water transfers can consist of a temporary lease or permanent sale of water or a water right by 
the water right holder, a lease of the right to use water from the water right holder, or a sale or 
lease of a contractual right to water supply. Water transfers can also take the form of long-term 
contracts for the purpose of improving long-term supply reliability. Typically, temporary water 
transfers have durations of 1 year or less, whereas long-term water transfers have durations of 
more than 1 year. It should be noted that the nature of these transfers reflects certain legal and 
policy changes that are more challenging than would be expected solely with implementation of 
conservation measures. 

There are several methods used to make water available for transfer. Some of these methods 
include the following: 

• Reducing the existing consumptive uses of water through crop idling, crop shifting, or water 
use efficiency measures to make water available. 

• Reducing return flows or seepage from conveyance systems that would otherwise be 
irrecoverable for downstream beneficial uses. 

• Pumping groundwater (groundwater substitution) instead of using surface water delivery and 
transferring the surface water rights. 
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• Transferring water from storage that would otherwise have been carried over to the following 
year. The expectation is that the reservoir will refill during subsequent wet seasons. 

• Banking available water and transferring previously banked groundwater either by directly 
pumping and transferring the banked groundwater or by pumping the banked groundwater 
for local use and transferring surface water that would have been used locally to another user. 

Various legal constraints must be adhered to, depending on existing federal and state regulations 
and laws, to permit the transfer of water from one location to another. The physical infrastructure 
needed to convey or exchange the water from the existing user to the new user must be in place, 
and all infrastructure owners must be included in transfer negotiations. Depending on the nature 
of the transfer, more-significant political and legal challenges may exist.  

Historically, water transfers in the Basin have taken the form of either permanent agricultural 
land fallowing (“buy and dry”) to transfer water to a different purpose of use, temporary 
agricultural land fallowing agreements to meet M&I uses during drought or multiple-year 
periods, or transfers through conveyance system and on-farm efficiency measures. Flows used by 
downstream water users or riparian environmental purposes may be maintained in both timing 
and magnitude.  

Some of the largest recent examples include the Colorado Big Thompson Project, San Diego 
County Water Authority–IID Water Transfer Agreement, and the MWD/Palo Verde Water 
District Forbearance and Fallowing Program. All three of these examples transferred water used 
from agricultural purposes to urban use. The Colorado Big Thompson Project included a large 
number of small quantity transfers from individual users along Colorado’s Front Range 
(Colorado Water Institute, 2011). The San Diego County Water Authority–IID Water Transfer 
Agreement transferred up to 200,000 afy from Imperial Valley agricultural use to San Diego 
County urban use through a combination of land fallowing and efficiency-based water 
conservation measures. Similarly, the MWD/ Palo Verde Water District program transferred up 
to 110,000 afy from use in the Palo Verde Valley to Southern California urban use through crop 
rotation and land fallowing.  

Although the vast majority of water transfers have occurred between agricultural users or 
between agricultural and urban users, some transfers have occurred to transfer water from 
agricultural uses to environmental purposes. The water transfer options propose to seek new 
transfer agreements to optimize transactions for water supply reliability and environmental 
purposes.  

5.10.2 Guided Water Markets 
During prolonged and severe droughts, some water users in the Upper Basin may be curtailed in 
order to meet the obligations under Article III(d) of the Compact. Instead of relying only on 
seniority of rights to manage shortages, this option would seek to maximize opportunities for 
using economically beneficial transactions to secure necessary reductions of consumptive water 
uses. The proposed program would work with related federal programs to maximize 
environmental and agricultural benefits throughout the Upper Basin. With a strategic, guided 
approach, water market transactions could be proactively used to meet demand reduction goals. 
Basically, such guided markets would seek to give irrigators who have low profit margins or who 
have less-productive lands within their operation early opportunities to participate in the market, 
reducing pressure on more-profitable irrigation operations that might otherwise be subject to 
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cutbacks due to junior water rights. As an example of how this concept could work with existing 
programs, the Salinity Control Program could be used in combination with market-based, 
compensated transactions with willing sellers to prioritize reductions in irrigation on lands that 
contribute high levels of salinity to further reduce salinity loading in the Basin. Other variations 
of this concept include creating individual state banks and exchanges and allowing temporary 
exchange from irrigation to municipal uses during extreme drought conditions. 

The most likely source of newly available water would come from large irrigators with low 
profit margins or less-productive lands. Assuming 3 feet of consumptive water use per acre, 
fallowing 33,000 acres of alfalfa or similar crops in the Upper Basin may yield as much as 
100,000 afy. However, studies of consumptive water use for alfalfa in the Upper Basin vary, 
with some showing lower consumptive use. Additional fallowed acreage may be required to 
meet the assumed 100,000 afy yield. 

Because the need for this approach could involve changes to existing laws, and possibly to 
interstate agreements as well, about 10 years of feasibility and permitting work would be 
required for implementation of the proposed program. Additionally, implementation would likely 
require several years due to the unprecedented nature of the program. For the purposes of the 
Study, it was assumed the program could be operating in as few as 15 years. 

The costs associated with this option include the purchase or lease of water or water rights, and 
the lease of local reservoir storage space. Based on existing sources, the cost of water rights is 
highly variable depending on the region. In 2001, the estimated value of a permanent water right 
in the San Juan Basin was $3,000 per af, and Colorado-Big Thompson water rights were valued 
at $10,000 per af in 2010. The cities of Aurora and Colorado Springs have lease storage space in 
Pueblo Reservoir at values between $20 and $60 per afy. For the Study, it was assumed water 
rights could be purchased for a one-time cost of $4,000 to $8,000 per af and storage for 5 years 
would cost $50 per af per year. Amortized over 50 years, the resulting cost is approximately 
$600 per af.  

5.10.3 Upper Basin Water Banking 
This option proposes that a similar concept to the Intentionally Created Surplus (ICS) program in 
the Lower Basin be applied in the Upper Basin. This option creates an Upper Basin water bank 
in either Lake Powell or in an off-stream groundwater bank to increase protection against 
curtailment in the Upper Basin. In conjunction with the water bank, various conservation (M&I, 
agricultural, and energy) efforts across the Upper Basin would be coordinated for the purpose of 
yielding water to store in the bank. In order to ensure the conserved water is credited to the bank 
entirely, agreements amongst and within those Upper Basin States would be required to 
“shepherd” that water to Lake Powell or other storage facilities in the Upper Basin. In doing so, 
there are likely to be benefits for various ecological and recreational resources that depend upon 
in-stream flows. Significant legal and policy issues would need to be overcome in order to 
successfully implement and operate such a program. These challenges would be in addition to 
those of conservation measures chosen to generate water for the bank. As such, implementing 
this option would be more challenging than implementing a number of its individual 
components. However, for the Study analysis it was assumed that such a program could be in 
place near 2020, which is likely well before there is significant risk of Upper Basin curtailment 
as estimated in the system reliability analysis (Technical Report G – System Reliability Analysis 
and Evaluation of Options and Strategies).  
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A representative option that adds more specificity to the concepts described above was 
developed in order to include this option in the portfolio modeling of the system reliability 
analysis. The modeling assumptions associated with this representative option are provided in 
Technical Report G – System Reliability Analysis and Evaluation of Options and Strategies, 
Appendix G-2, Colorado River Simulation System Modeling Assumptions. In summary, the 
representative option consists of two tiers comprising M&I conservation and energy water use 
efficiency (tier 1) and short-term rotational fallowing (tier 2) in which the water saved is 
shepherded to Lake Powell or other storage facilities in the Upper Basin. This banked water is 
then used to protect against curtailment in the Upper Basin. The process of shepherding the water 
results in increased reliability for ecological and recreational resources while the banked water 
provides curtailment protection.  

From the quantification of conservation options independent of this specific option, there was 
assumed to be Basin-wide potential for approximately 1 mafy of conservation in each the 
agricultural and M&I sectors by 2060. Considering the geographical distribution of demand, 
there is an assumed potential for approximately 250 kafy of M&I conservation and 400 kafy of 
agricultural conservation by 2060 in the Upper Basin. Additionally, there is assumed to be up to 
160 kafy of water conservation potential in the energy sector by 2060 within the Upper Basin.  

5.10.4 Lower Basin Water Banking 
The 2007 Interim Guidelines (implemented an ICS mechanism to provide for the creation, 
accounting, and delivery of conserved system and non-system water, thereby promoting water 
conservation in the Lower Basin (DOI, 2007). The ICS mechanism allows for conserved water in 
the Lower Basin to be stored in Lake Mead for subsequent delivery in future years.  

Several options suggested continuation of this program beyond the expiration of the 2007 
Interim Guidelines in 2026 and the expansion or modification to include participants beyond 
entitlement holders to Colorado River mainstem water in the Lower Basin, including Mexico4. 
These options also suggested adjustments to the rules guiding the creation and delivery of ICS 
such that certain participants may utilize the program to provide beneficial flow past Morelos 
Dam to the limitrophe reach as well as to provide other benefits within Mexico. Expansion of the 
ICS program for these purposes would require consultation with Mexico and is outside the scope 
of the Study. 

5.10.5 Groundwater Banking 
This concept utilizes groundwater recharge and recovery as an underground water bank. An 
entity could divert water to groundwater storage when there is a surplus or reduced need for 
surface supplies. When there is a critical or increased need for additional supply, the entity could 
then withdraw an amount of water equivalent to that it previously banked subject to withdrawal 
limits. This concept is already used in several areas of the Lower Basin and is done so on an 
interstate basis in accordance with Title 43, Code of Federal Regulations, Part 414, Off-Stream 
Storage of Colorado River Water and Development and Release of Intentionally Created Unused 
Apportionment in the Lower Division States. 

                                                 
4 Minute 319 was adopted by the United States and Mexico on November 20, 2012. There was not sufficient time to incorporate operational 

changes associated with Minute 319 prior to publication of this report. A copy of the Minute is available at: 
http://www.ibwc.state.gov/Files/Minutes/Minute_319.pdf. 
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Groundwater banking offers two primary benefits over existing surface storage: (1) storage in 
groundwater aquifers will reduce evaporation compared to surface water storage, and (2) to 
provide additional storage capacity when surface storage facilities are full. Without further study 
of specific aquifer locations available, it is difficult to quantify the potential yield. The option is 
conceptually similar to either of the Upper Basin or Lower Basin banks and will have many of 
the same implementation challenges. Also, even though groundwater storage eliminates 
evaporation losses, other possible losses come into play, such as stranded water in the vadose 
zone, reduced water quality, and/or migration away from wells that can recapture the water. 
Additionally, availability of surplus water is based on uncertain, multi-annual, wet Colorado 
River conditions. In spite of these uncertainties, groundwater banking does have the potential to 
increase yield, but was not quantified directly in the Study.  

Groundwater banking projects using infiltration basins would require extensive acquisition of 
lands if injection wells are not utilized. They also require construction of well fields to extract 
groundwater, pipelines, and power supplies. Due to the large investment and significant amount 
of impacted lands, extensive feasibility studies, permitting, and environmental assessments 
would be required. The cost for infiltration basins, wells, pipelines, pump stations, power lines, 
land acquisition, and mitigation must be balanced against increased yield, which could be highly 
variable from year to year based on the amount and frequency of recharge. It is also worth noting 
that groundwater storage has minimal evaporation losses compared to reservoir storage, but can 
have losses due to groundwater movement and groundwater stranded in the vadose zone. Both of 
these losses are difficult to quantify, but are important in selecting preferences of groundwater 
storage over surface water storage. Rough estimates considering evaporation benefits in addition 
to potential increased yield due to underground storage range from approximately $1,500 to 
$2,500 per af. 

5.11 Water Management and Allocation 
Options were submitted that suggested modifications to Basin water management processes and 
changes in the distribution of water supply available in the Basin under the Law of the River. 
The four representative options in this group are: changes to apportionment of water supply, 
processes for expanded stakeholder involvement, population control, and conservation and trust 
funds.  

5.11.1 Changes to Apportionment of Water Supply 
Options were received that suggested changes in the distribution of the Basin water supply under 
the Law of the River. These submissions acknowledged that the Colorado River was apportioned 
during a particularly wet period and utilized a short period of record for recorded streamflows. 
Given that there is now a longer period of record, which indicates the average natural streamflow 
is less than records available at the time of the Compact, the submissions suggested that water be 
reallocated based on updated assumptions on the amount of water supply available on average, 
and that more water be allocated to protect critical habitat.  

Several options proposed a voluntary demand cap on the Upper Basin. These options proposed 
a negotiated agreement between the Upper and Lower Basin, in which the Upper Basin would 
agree to forebear annual consumption of Colorado River water above some specified amount 
and the Lower Basin would agree to relax the stipulation in Article III(d) of the Compact that 
the Upper Division States will not cause the flow of the river at the Lee Ferry Compact Point 
to be depleted below an aggregate of 75 maf for any period of 10 consecutive years. As 
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described in the options submitted, the primary purpose of the mutual forbearance 
arrangement would be to provide additional water supply reliability to users in both the 
Upper and Lower Basin. The Lower Basin would obtain additional security in the Upper 
Basin’s ability to not cause the flow at Lee Ferry to be depleted as specified in Article III(d), 
and the Upper Basin would obtain additional insurance against those provisions. 

Another submission suggested creating a Colorado River Authority that uses eminent domain to 
reallocate water from farmers and others for urban purposes.  

Due to the political and legal complexity of these options, they were not considered further. 
Appendix F2 contains the options as they were submitted, and, in some cases, provide additional 
information. 

5.11.2 Process for Expanded Stakeholder Involvement 
Options were submitted that suggested the establishment of a forum to allow tribes and 
stakeholders the opportunity to formally provide input into the Colorado River decision-making 
process and to discuss long-term, Basin-scale solutions to water supply and management 
challenges. 

One option suggested that a wide range of stakeholders, including environmental groups, tribes, 
rural farm communities and others, meet regularly to discuss ongoing issues and proposals, to 
develop proposals related to water management, and to provide input to the Basin States and 
Reclamation, as appropriate. This group’s recommendations would be advisory in nature. 
Another option recommended the creation of a Blue Ribbon Committee composed of 
independent scientists, non-governmental organizations, tribal representatives, businesses, and 
other interests to recommend a vision for future water use in the Basin. The committee would 
develop a plan that helps to meet future water needs and restores a healthy Colorado River 
system.  

Reclamation and the Basin States acknowledge that the future of the Colorado River system is 
critical to the livelihood of the millions of people who reside in the Basin and the multiple uses 
that are dependent on the water. Interest in the Study has been broad and has included active 
participation from tribes with rights or claims to Colorado River or tributary water, agricultural 
users, purveyors of M&I water, power users and providers, recreational groups, and conservation 
organizations. It is important that input and participation by this broad range of stakeholders 
continue in order to successfully manage the Basin and confront the challenges that lie ahead if 
projected future supply and demand imbalances are realized.  

5.11.3 Population Control 
This group of options suggested that measures be taken to slow, or even halt, economic and 
population growth in the Basin. Some options in this group suggest that the Southwest will 
naturally become a less desirable place to live in the next 20 to 30 years due to high 
temperatures, high energy costs, insecure water supply, and stagnant job growth. Others suggest 
the federal government should create incentives for business and industry to locate outside the 
Southwest to regions where water and energy supplies are less strained.  

Developing strategies for constraining population growth has significant political and legal 
challenges, is beyond the objectives of the Study, and was therefore not considered further.  
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5.11.4 Conservation and Trust Funds 
This group of options suggested the establishment of conservation funds, trusts, and other 
funding mechanisms for local and Basin-wide environmental enhancement and water 
improvement projects. Some suggestions were more local in scope, including using conservation 
on a utility-scale level to support local and regional environmental enhancement, or suggesting 
that water agencies draft resolutions calling for a fiscal requirement on new growth to fund local 
water improvement projects. One option suggested a Basin-wide trust fund, in which funds 
raised from municipal water users, recreationists, and hydropower could be used for climate 
change adaptation, environmental enhancement, and a variety of water efficiency programs. 
These options represent mechanisms that could be used to implement other options noted above, 
such as water transfers or M&I or agricultural water conservation.  

Finding ways to fund desired improvements is a critical component that can make the difference 
between a theoretical idea and an implementable solution. Reclamation offers opportunities to 
partner with private and public partners to leverage resources for ecosystem and economic 
benefits.  

Examples of such partnerships include grants provided through Reclamation’s WaterSMART 
(Sustain and Manage America's Resources for Tomorrow) program. WaterSMART works with 
states, tribes, local governments, and non-governmental organizations to secure and stretch water 
supplies for use by existing and future generations to benefit people, the economy, and the 
environment, and to identify adaptive measures needed to address climate change and future 
demands5. Grants through the WaterSMART program provide 50-50 percent cost-shared funding 
for a variety of projects, including water efficiency, conservation, and Public Law 102-575, 
Title XVI water reclamation and reuse projects6.  

Because it lacks the authority to establish a Basin-wide fund in which additional fees are levied 
on water use, Reclamation encourages local water agencies to develop innovative ways of 
funding conservation and local water improvement projects. The WaterSMART program is an 
example of a Reclamation program that could be used as a model for collaborative cost share 
funding to assist financially with water supply and ecosystem improvements 

5.12 Tribal Water 
Tribes hold quantified rights to a significant amount of water from the Colorado River and its 
tributaries (approximately 2.9 maf of annual diversion rights). The term “quantified rights”, as 
used in the context of the Study, is defined as the quantity of water rights reserved by or granted 
to tribes by federal court decrees, state court decrees, treaties, agreements, and Executive Orders. 
In many cases, these rights are senior to other users. Reclamation and the Basin States 
acknowledge that tribes are critical partners in current and future efforts to resolve water supply 
and demand imbalances. 

Options pertaining to water development and use were submitted by tribes for consideration in 
the Study. The submitted concepts do not lend themselves to characterization criteria ratings and 
modeling through CRSS; however, they raise important issues that deserve and will receive 

                                                 
5 From: DOI WaterSMART Strategic Implementation Plan March 22, 2011: 

http://www.usbr.gov/WaterSMART/docs/FedRegister_WaterSMART_Implementation_plan_FINAL.PDF. 
6 Information on projects funded through the WaterSMART program as well as the current status on WaterSMART funding is available at:  

http://www.usbr.gov/WaterSMART/grants.html. 

http://www.usbr.gov/WaterSMART/docs/FedRegister_WaterSMART_Implementation_plan_FINAL.PDF
http://www.usbr.gov/WaterSMART/grants.html
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future discussion and further study, where appropriate (see Study Report – Future 
Considerations and Next Steps). The options submitted by tribes are summarized in the sections 
below and every effort was made to retain the original intent. Appendix F13 contains the 
submittals of the Ten Tribes Partnership and Inter Tribal Council of Arizona (ITCA) in their 
entirety. Options submitted by individual tribes can be found in appendix F2. 

5.12.1 Voluntary Tribal Water Transfers  
Options were submitted by the tribes, recognizing the role of tribal water rights and in particular, 
the possibility of voluntary transfer of that water, in helping to resolve future supply and demand 
imbalances. The suggested water transfer mechanisms included, among other suggestions, water 
banks, water marketing, forbearance, and intra- and interstate/Basin leases. The basic concept is 
that undeveloped portions of tribal water entitlements could be voluntarily made available to 
other users in (or in some cases beyond) the hydrologic boundaries of the Basin for an agreed-
upon level of compensation. These voluntary transfers could be renewed or revisited annually or 
could be in place for a longer specified amount of time depending on the agreed-upon terms of 
the transfer.  

5.12.2 Tribal Water Storage and Intentionally Created Surplus  
The Ute Indian Tribe of the Uintah and Ouray Reservation and the ITCA requested that 
consideration be given to storing tribal water in new or existing reservoirs for improved 
irrigation, community and economic development, or conversion to year-round use. These 
options were designed to help enable tribes with rights to water to beneficially use all of the 
water to which they have rights. Tribes in the Lower Basin suggested an incentive program be 
developed to encourage conservation of tribal waters. Specifically, a demonstration program 
titled Tribal Conservation Reserve was suggested, in which tribes are eligible to store a specified 
amount of water in Lake Mead in the form of a reserve and then divert that water in a future year 
by calling on its credits. This option also suggested that agricultural drainage water be stored and 
put to beneficial reuse use on tribal lands.  

5.12.3 Inter-governmental Forum 
The Ten Tribes Partnership and the ITCA suggested that additional study, led by tribes and the 
federal government, be conducted to better understand the role of tribal water in the Basin. It is 
anticipated that the additional study would require involvement of the states and could support an 
inter-governmental forum to discuss and resolve current and future issues affecting the 
management of the Colorado River.  

5.12.4 Resolution of Tribal Claims  
The ITCA believes that resolution of tribal water claims must be a major priority and it requested 
that DOI take all necessary steps to facilitate the settlement of claims that have yet to be 
quantified. It was suggested that Reclamation and the affected tribes work together to develop a 
water acquisition strategy and implementation plan to provide water to satisfy currently 
unquantified tribal rights.  

5.12.5 Affordability of Tribal Waters via Central Arizona Project Canal  
Tribes have expressed concern regarding increased costs of Central Arizona Project (CAP) water 
to which tribes located in central Arizona have rights. Additionally, these concerns state that 
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federal policy on Colorado River water must ensure that CAP water in all tribal settlements is 
affordable.  

5.12.6 Barriers to Tribal Participation in Federal Programs 
The ITCA noted that water conservation and increases in the efficiency of agricultural, 
municipal, and other water use in reservation areas are high priority issues for all tribes. With a 
limited tax base, lack of funding is a serious obstacle for tribes. Tribal governments need to draw 
on a variety of federal programs to provide that funding. Barriers to tribal participation include: 
requirements for explicit waivers of sovereign immunity, cost-sharing requirements with limited 
or no possibility of exceptions for communities with the most severe need and least ability to 
pay.  

5.12.7 Recognition of Limits 
The ITCA believes that all communities must respect limits to the quantity of water in the 
system, not just tribal communities. Future population growth and economic development in the 
non-Indian communities of the Basin must be conditioned by the federal, state, and local 
governments on the availability and sustainability of the water resources necessary to support 
such growth and development. 

5.12.8 Stabilization of Soil 
The ITCA suggested that streamflow in the Colorado River may be augmented through a soil 
stabilization program on the Navajo reservation and nearby lands at Hopi. 

5.12.9 Non-Tributary Groundwater Use  
The Ute Indian Tribe of the Uintah and Ouray Reservation requested that it be allowed to engage 
in new tribal development of groundwater that is not hydrologically connected to surface waters 
in the Basin and that groundwater that is not hydrologically connected should not be deducted 
from Utah’s Colorado River allocation. Development of such sources may augment supplies and 
alter demands in the Upper Colorado River Basin.  

5.12.10 Protection Against Overallocation 
The Ute Indian Tribe of the Uintah and Ouray Reservation suggested that the State of Utah and 
the tribe should protect against overallocation by entering into agreements for any non-tribal 
water use allocated from the tribe’s reserved quantity.  

5.13 Data and Information  
Options were submitted that suggested improvements to data and information used by 
Reclamation for analysis and modeling. There are two representative options in this group, 
summarized below. 

5.13.1 Colorado River Simulation System Modeling Improvements 
One option suggested the incorporation of additional “nodes” in CRSS that correspond to 
USGS streamflow gaging stations. The primary goal of this suggestion was to allow Reclamation 
to better model impacts to recreational and ecological resources at a finer spatial scale.  

Currently, there are 29 USGS streamflow gaging stations (20 in the Upper Basin upstream of and 
including the Lees Ferry gaging station in Arizona, and 9 below Lees Ferry including the Paria 
River and inflow points in the Lower Basin) represented in CRSS as nodes at which natural flow 
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is input. Natural flow represents the flow that would have occurred at the location had depletions 
and reservoir regulation not been present upstream of that location.  

The addition of “nodes” that correspond to USGS streamflow gaging stations would first require 
the computation of natural flow at that location. The computation of natural flow, performed in 
Reclamation’s Natural Flow model, requires fine resolution data for gaged flows, reach gains 
and losses, diversions, depletions, and return flows. There are inherent challenges to adding flow 
nodes to the model because much of the fine resolution data required are not available. For 
example, USGS gages have varying record lengths at various locations. In addition, water use 
information may not presently be available at the required resolution, or it may be determined 
through differing methodologies across different geographic areas. These inconsistencies and 
unavailability of data, combined with record length, pose significant challenges to the 
development of a Basin-wide higher resolution natural flow model to provide the data needed to 
run CRSS. 

Although there are limitations in spatial and temporal (CRSS is at a monthly time step) 
resolution in CRSS, the Study has utilized alternative methods of evaluating impacts to 
recreation. There are many different recreational activities that are supported by rivers and 
streams throughout the Basin. River and whitewater boating were considered an attribute of 
interest in the Study. River and whitewater boating experiences vary with flow conditions, as 
well as other non-flow-related factors. For the Study, American Whitewater developed 
relationships between flow conditions and the quality of the boating experience by applying 
methodology developed by Whittaker et al., 2005. The method takes monthly values from CRSS 
and, based on historical data, estimates daily flows. These values are then compared against 
survey data to determine how many days in that month would have provided optimal, acceptable, 
or unacceptable whitewater and boating recreation. This methodology is described in detail in 
Technical Report D – System Reliability Metrics, Appendix D2 – Boating Flow Days Metrics. 

Reclamation is committed to working with partners and stakeholders to refine CRSS and other 
supporting models where it is feasible and useful to provide the most realistic representation of 
how the system is currently operated and how it will likely be operated in the future. 

5.13.2 Improved Water Use Accounting in the Upper Basin 
Improvements to Upper Basin water use accounting methods were suggested. Specifically, the 
suggestions advocated for the Upper Basin to agree to common standards for water use 
accounting, which in turn would be implemented via programs of each state. These standards 
may result in timely annual reporting of consumptive use and losses, and would encourage 
adoption of appropriate technologies (for example, metering or remote sensing). 

In 1968, the Colorado River Basin Project Act directed the Secretary of the Interior to  

make reports as to the annual consumptive uses and losses of water from the 
Colorado River system after each successive five-year period starting on October 
1, 1970. Such reports shall include a detailed breakdown of the beneficial 
consumptive use of water on a State-by-State basis. Specific figures on quantities 
consumptively used from the major tributary streams flowing into the Colorado 
River shall also be included on a State-by-State basis. Such reports shall be 
prepared in consultation with the States of the lower basin individually and with 
the Upper Colorado River Commission, and shall be transmitted to the President, 
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the Congress, and to the Governors of each State signatory to the Colorado River 
Compact… 

These reports (the Colorado River System Consumptive Uses and Losses Reports7), have been 
prepared by Reclamation, in collaboration with the Basin States, for every 5-year period from 
1971 through 2005. To date, the report covering 2001 through 2005 is in final review and a 
provisional report covering the period 2006 through 2008 has been prepared. 

Reclamation, independent of the Study, is collaborating with the Upper Colorado River 
Commission and the Upper Basin to develop more-timely and standardized methods of reporting 
for Upper Basin consumptive uses and losses. This effort entails exploring the numerous 
methodologies that are currently available for computing consumptive uses and losses, and 
evaluating the strengths and weaknesses of these methodologies. The evaluation will include 
both technical considerations and constraints that contribute to the method’s potential utility on 
an operational basis. Once the catalog of methodologies is complete, the appropriateness of the 
use of a single methodology or a set of methodologies for the computation of consumptive uses 
and losses will be discussed.  

5.14 Characterization Summary 
Table F-8 summarizes the potential yield for each of the main option groups in 2035 and 2060. A 
total of 7.6 mafy of potential yield was identified for options that increase supply. The options 
with greatest yield of this type are related to watershed management methods, desalination of 
ocean and brackish water, importation, and reuse. A total of 2.2 mafy of potential savings was 
identified through options that reduce demand. The principal options that comprise this type are 
agricultural water conservation, M&I water conservation, and energy water use efficiency. 
Potential savings totaling 1.2 mafy were identified under the options that modify system 
operations and primarily reflect reducing reservoir or canal evaporation through physical or 
chemical covers, or through preferential reservoir storage. When considering all options and all 
categories by 2060, a total of more than 11 mafy in potential yield was identified. The potential 
yield is approximately 5.7 mafy by 2035. However, not all options are equally feasible or reliable 
in the long term. Likewise, some of these options are mutually exclusive. Many options, such as 
imports to Southern California or watershed management, are uncertain from both a technical 
feasibility and reliability standpoint. By excluding options that were rated low for these factors 
(“D” and “E”), the total potential yield is reduced to approximately 3.7 mafy by 2035 and to 
approximately 7 mafy by 2060.  

The cost, yield, and timing of the representative options are shown in figure F-12 (sorted based 
on cost). Some of the least-cost options are related to weather modification and chemical covers, 
but these have considerable uncertainty related to their long-term viability and implementation 
risk. Agricultural water conservation, M&I water conservation, watershed management methods, 
smaller import options, and brackish water desalination projects represent the next-least-
expensive set of options. Seawater desalination, reuse, and importation projects are estimated to 
have higher costs, but still can have substantially lower costs than distributed rainwater 
harvesting and grey water reuse options, and canal and reservoir covers. 

                                                 
7 Available at: http://www.usbr.gov/uc/library/envdocs/reports/crs/crsul.html. 

http://www.usbr.gov/uc/library/envdocs/reports/crs/crsul.html


Colorado River Basin 
Water Supply and Demand Study 
 
 

F-68 December 2012 

6.0 Development of Portfolios  
Based on the results of the characterization and development of representative options, various 
options have been combined into portfolios representing different potential adaptation strategies. 
The Study developed four exploratory portfolios to reflect different strategies for selecting and 
combining options to address Colorado River imbalances between water supply and water 
demand. Each portfolio consists of a unique selection of options that were considered to address 
vulnerabilities (e.g., declining Lake Mead pool elevation) that may exist under future 
combinations of supply and demand. The portfolios were implemented dynamically in CRSS, 

TABLE F-8 
Summary of Option Cost and Potential Yields by 2035 and 2060 

Option 
Category Option Group 

Estimated 
Cost 

($/afy) 

Years 
before 

Available 

Potential 
Yield by 

2035 
(afy) 

Potential 
Yield by 

2060  
(afy) 

Importation Imports to the Colorado Front 
Range from the Missouri or 
Mississippi Rivers 

1,700–2,300 30 0 600,000 

Imports to the Green River from 
the Bear, Snake, or Yellowstone 
Rivers 

700–1900 15 158,000 158,000 

Imports to Southern California via 
Icebergs, Water Bags, Tankers, or 
the Columbia River 

2,700–3,400 15 600,000 600,000 

 Subtotal   758,000 1,358,000 

Desalination Gulf of California 2,100 20–30 200,000 1,200,000 

Pacific Ocean in California 1,850–2,100 20–25 200,000 600,000 

Pacific Ocean in Mexico 1,500 15 56,000 56,000 

Salton Sea Drainwater  1,000 15–25 200,000 500,000 

Groundwater in Southern 
California 

750 10 20,000 20,000 

Groundwater in the Area near 
Yuma, Arizona 

600 10 100,000 100,000 

 Subtotal   776,000 2,476,000 

Reuse Municipal Wastewater 1,500–1,800 10–35 200,000 932,000 

Grey Water 4,200 10 178,000 178,000 

Industrial Wastewater 2,000 10 40,000 40,000 

 Subtotal   418,000 1,150,000 

Local Supply Treatment of CBM -Produced 
Water 

2,000 10 100,000 100,000 

Rainwater Harvesting 3,150 5 75,000 75,000 

 Subtotal   175,000 175,000 
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TABLE F-8 
Summary of Option Cost and Potential Yields by 2035 and 2060 

Option 
Category Option Group 

Estimated 
Cost 

($/afy) 

Years 
before 

Available 

Potential 
Yield by 

2035 
(afy) 

Potential 
Yield by 

2060  
(afy) 

Watershed 
Management 

Brush Control 7,500 15 50,000 50,000 

Dust Control 220–520 15–25 280,000 400,000 

Forest Management 500 20–30 200,000 300,000 

Tamarisk Control 400 15 30,000 30,000 

Weather Modification 30–60 5–45 700,000 1,700,000 

 Subtotal   1,260,000 2,480,000 

M&I Water 
Conservation 

M&I Water Conservation 500–900 5–40 600,000 1,000,000 

 Subtotal   600,000 1,000,000 

Agricultural 
Water 
Conservation 

Agricultural Water Conservation 150–750 10–15 1,000,000 1,000,000 

Agricultural Water Conservation 
with Transfers  

250–750  5–15 1,000,000 1,000,000 

 Subtotal   1,000,0001 1,000,0001 

Energy Water 
Use Efficiency 

Power Plant Conversion to Air 
Cooling 

2,000 10 160,000 160,000 

 Subtotal   160,000 160,000 

System 
Operations 

Evaporation Control via Canal 
Covers 

15,000 10 18,000 18,000 

Evaporation Control via Reservoir 
Covers 

15,000 18 200,000 200,000 

Evaporation Control via Chemical 
Covers on Canals and Reservoirs 

100 15–25 200,000 850,000 

Construction of New Storage 2,250 15 20,000 20,000 

Improved Groundwater 
Management 

N/A N/A N/A N/A 

Modified Reservoir Operations unknown 15 0-300,000 0-300,000 

 Subtotal   588,000 1,238,000 

 Total of All Options   5,735,0002 11,037,0002 
1 The two agricultural water conservation representative options derive potential yield from similar measures and are 
thus not additive 
2 Total does not account for several options that may be mutually exclusive due to regional integration limitations or 
are dependent on the same supply 
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FIGURE F-12 
Summary of Options Characterization Ratings (aggregated by option groups) 
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meaning options were implemented based on the portfolio strategy depending on the timing and 
nature of the vulnerabilities. Portfolios were then analyzed to assess the effects of the strategy on 
resolving vulnerabilities to Basin resources. 

The four distinct strategies and dynamic portfolios represent a range of reasonable but different 
approaches for resolving future supply and demand imbalances (figure F-13). The portfolios 
were developed by the Options and Strategies Sub-Team and are meant to be exploratory in 
nature. The portfolios are not intended to represent all possible strategies for grouping options. 
Further, the Study did not intend to result in the selection of a particular portfolio or any one 
option from any portfolio. Rather, the objective of the portfolio analysis was to demonstrate the 
effectiveness of different strategies at resolving future supply and demand imbalances.  

Using the ratings associated with the criteria, preferences were expressed that resulted in two 
portfolios, Portfolio B and Portfolio C. Two other portfolios were then added, Portfolio A which 
represents a highly inclusive strategy (includes all options in either Portfolio B or Portfolio C) 
and Portfolio D, which represents a highly selective strategy (includes only options in both 
Portfolio B and Portfolio C). Portfolio B includes options with high technical feasibility and 
long-term reliability, but excludes options with the highest permitting, legal, policy, or long-term 
viability risks. Portfolio B also excludes any options that cost more than $2,500 per af. Portfolio 
C focuses on options that are also highly feasible, but excludes options that could have greater 
environmental impacts. This portfolio excludes options that cost more than $4,200 per af. The 
schematic in figure 13 shows the relationships of the options included in the Study portfolios. 
 

FIGURE F-13 
Relationships between Options in the Four Study Portfolios 
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6.1 Defining Portfolios and Option Preferences  
Information about the options characteristics, including expected yield, cost, available timing, 
and 14 other attributes, such as technical feasibility, operational flexibility, and energy needs 
(table F-9) was used to help define portfolios. These portfolios reflect an initial look at option 
performance based on different strategies for resolving imbalances. Additional analysis to fully 
define appropriate options will be required as future conditions evolve.  

TABLE F-9 
Option Criteria and Categories Utilized in the Development of Portfolios 

Technical Environmental 

Technical Feasibility 
Implementation Risks 
Long-Term Viability  
Operational Flexibility 

Permitting 
Energy Needs 
Energy Source 
Other Environmental Factors 

Social Other 

Recreation 
Policy 
Legal 
Socioeconomics 

Quantity of Yield 
Cost 
Timing 

Hydropower 
Water Quality 

 

In developing each unique portfolio, a set of preferences regarding the characteristics of options, 
as defined by the criteria ratings, was defined. These preferences reflect the particular strategy of 
the portfolio. The options were then arranged with the desired criteria ratings by cost 
effectiveness – a measure of the cost per unit yield. The availability of each option is restricted to 
be no earlier than the first year identified under the “timing” criterion. As more restrictions are 
placed on the range of option characteristics, the number of options and potential yield included 
in the portfolio are reduced.  

The Options and Strategies Sub-Team assisted in the development of the four portfolios by 
suggesting general strategies, option criteria preference sets, and reviewing draft portfolios. The 
option criteria preferences included in each portfolio are listed in table F-10. In general, Portfolio 
A contains the fewest restrictions on option preferences and therefore includes the largest number 
and broadest set of options. Conversely, Portfolio D contains the most restrictions on option 
preferences and therefore includes the fewest options. Portfolio B and Portfolio C reflect 
different strategies for addressing the long-term projected imbalances and include a modest range 
of options. Adjustments to portfolios were made to either include or exclude specific options or 
to specify that an option is to be implemented as soon as it is available based on input from the 
Options and Strategies Sub-Team members.  

The following sections describe each exploratory portfolio in greater detail. 
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TABLE F-10 
Option Criteria Preferences for the Four Portfolios 

Criteria 
Category Option Criteria 

Portfolio 
Portfolio A Portfolio B Portfolio C Portfolio D 

Technical Technical 
Feasibility 

excludes 
options rated  
D & E 

excludes 
options rated  
D & E 

excludes 
options rated  
D & E 

excludes options 
rated D & E 

Implementation 
Risk 

all all all all 

Long-term 
Viability 

excludes 
options rated E 

excludes 
options rated D 
& E 

excludes 
options rated E 

excludes options 
rated D & E 

Operational 
Flexibility 

all all all all 

Environmental Permitting excludes 
options rated E 

excludes 
options rated E 

excludes 
options rated  
D & E 

excludes options 
rated D & E 

Energy Needs all all excludes 
options rated  
D & E 

excludes options 
rated D & E 

Energy Source all all excludes 
options rated E 

excludes options 
rated E 

Other 
Environmental 
Impacts 

all all excludes 
options rated  
D & E 

excludes options 
rated D & E 

Social Recreation all all excludes 
options rated  
D & E 

excludes options 
rated D & E 

Legal excludes 
options rated E 

excludes 
options rated E 

excludes 
options rated E 

excludes options 
rated E 

Policy excludes 
options rated E 

excludes 
options rated E 

excludes 
options rated E 

excludes options 
rated E 

Socioeconomics all all all all 

Other Hydropower all all all all 

Water Quality all all all all 

Cost < $4,200 per af < $2,500 per af < $4,200 per af < $2,500 per af 

Portfolio A and Portfolio C also include the following options: Upper Basin Water Bank, Watershed-Dust (Step 2), 
Desal-Salton Sea (Steps 2 and 3), Reuse-Municipal (steps 3-5), and Desal-Yuma. Portfolio D also includes the 
following options: Desal-Salton Sea (Steps 2 and 3), Reuse-Municipal (Steps 3-5), and Desal-Yuma. Portfolio C and 
Portfolio D exclude the following option: Local-CBM. 
 

6.2 Portfolio A 
Portfolio A features options that are included in both Portfolio B and Portfolio B. Implementing 
all options in this portfolio when available would yield on average about 6.3 maf of new supply 
or reduced demand. In the full implementation of this portfolio, about 4.1 mafy of options that 
increase supply are included, and about 2.2 mafy of options that reduce demand are included. 
This portfolio also includes the Upper Basin water bank concept described in Portfolio C. 
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Figure F-14 indicates the options included in the portfolio and their relative cost, yield, and 
timing availability. Table F-11 summarizes the portfolio of options by option category and yield 
in the near term and long term as well as whether the option is always on or is triggered by 
system conditions (responds to signposts). 

FIGURE F-14 
Ordered Options, Yield, Cost, and Timing Availability for Portfolio A 
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TABLE F-11 
Summary of Included Options for Portfolio A 

  Near-Term1 Long-Term2 Total 

Option 
Category Option Type 

Number of 
Options 

Sum of 
Yield (afy) 

Number of 
Options 

Sum of 
Yield (afy) 

Number of 
Options 

Sum of 
Yield (afy) 

Augment 
Supply 

Desal 8 1,176 2 300 10 1,476 

Import 0 0 1 600 1 600 

Local Supply 2 175 0  2 175 

Reuse 4 618 3 532 7 1,150 

Watershed 
Management 4 610 1 120 5 730 

Total 18 2,579 7 1,552 25 4,131 

Reduce 
Demand 

Agricultural 
Conservation 5 1,000 0 0 5 1,000 

Energy Water 
Use Efficiency 1 160 0 0 1 160 

M & I 
Conservation 3 600 2 400 5 1,000 

Total 9 1,760 2 400 11 2,160 

 Grand Total 27 4,339 9 1,952 36 6,291 

1 Near-Term refers to options that can be implemented before 2035. 
2 Long-Term refers to options that are implemented after 2035. 

 
To demonstrate the yield and cost of options over time included in Portfolio A, figure F-15 
shows the total portfolio yield over time for several different portfolio average costs. The top line 
shows the yield reaching the maximum amount of 5.1 mafy in 2052 with an average portfolio 
cost of around $1,000 per af. If the implementation of this portfolio only required roughly 
3.0 mafy by 2050, then the average cost of the portfolio would be closer to $500 per af. Because 
the portfolio is described as a preference of options that are then ordered by cost effectiveness, 
each subsequent option that is called for in a portfolio reflects an increasing cost. 
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FIGURE F-15 
Total Portfolio Yield over Time by Average Cost for Portfolio A 

 
 

6.3 Portfolio B 
Portfolio B is based on a strategy that seeks long-term water supply reliability through 
implementation of options with high technical feasibility and long-term reliability. The strategy 
can be defined as one that seeks options with proven technology and that, once in place, will 
produce reliable long-term yield. The strategy represents a low-risk strategy in the long term, but 
may consider greater risk with respect to permitting and implementation. However, this portfolio 
excludes options with the highest permitting, legal, and policy risks, or ones that are estimated to 
cost more than $2,500 per af (table F-10). The portfolio includes a blend of options that increase 
supply and those that decrease demand. Water conservation and a variety of desalination options 
are included in the near-term (first 25 years), and imports and expansion of reuse programs 
dominate the longer-term options. If all 31 options in this portfolio were implemented when 
available, the total system yield in the near term would increase by about 3.8 maf and by the end 
of the Study period (2060) would increase by about 5.6 maf. Figure F-16 indicates the options 
included in the portfolio and their relative cost, yield, and timing availability. Table F-12 
summarizes the portfolio of options by option category and yield in the near term and long term.  
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FIGURE F-16 
Ordered Options, Yield, Cost, and Time Availability for Portfolio B 
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TABLE F-12 
Summary of Included Options for Portfolio B 

  Near-Term1 Long-Term2 Total 

Option 
Category Option Type 

Number of 
Options 

Sum of 
Yield 
(kafy) 

Number of 
Options 

Sum of 
Yield 
(kafy) 

Number of 
Options 

Sum of 
Yield (kafy) 

Increase 
Supply 

Desal 8 1,176 2 300 10 1,476 

Import 0 0 1 600 1 600 

Local Supply 1 100 0 0 1 100 

Reuse 3 440 3 532 6 972 

Watershed 
Management 2 300 0 0 2 300 

Total 14 2,016 6 1,432 20 3,448 

Reduce 
Demand 

Agricultural 
Conservation 5 1,000 0 0 5 1,000 

Energy Water 
Use Efficiency 1 160 0 0 1 160 

M & I 
Conservation 3 600 2 400 5 1,000 

Total 9 1,760 2 400 11 2,160 

 Grand Total 23 3,776 8 1,832 31 5,608 

1 Near-Term refers to options that can be implemented before 2035. 
2 Long-Term refers to options that are implemented after 2035. 

 
To demonstrate the yield and cost of options over time included in Portfolio B, figure F-17 
shows the total portfolio yield over time for several different portfolio average costs. The top line 
shows the yield reaching the maximum amount of 4.4 mafy in 2052 with an average portfolio 
cost of around $1,000 per af (annualized). If the implementation of this portfolio only required 
roughly 3.0 mafy by 2050, then the average cost of the portfolio would be closer to $750 per af. 
Because the portfolio is described as a preference of options that are then ordered by cost 
effectiveness, each subsequent option that is called for in a portfolio reflects an increasing cost. 
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FIGURE F-17 
Total Portfolio/ Yield over Time by Average Cost for Portfolio B 

 
 

6.4 Portfolio C 
Portfolio C focuses on options that are technically feasible but also have low environmental 
impacts—low energy needs, lower carbon energy sources, easier permitting, and low impacts to 
other environmental resources. This portfolio also avoids options that are potentially unfavorable 
to recreational interests. In addition, this portfolio excludes options with the highest permitting, 
legal, and policy risks, or ones that have an annualized cost of more than $4,200 per af. If all 
29 options in this portfolio were implemented when available, total system yield in the near term 
(year 25) would increase by about 3.6 maf and by 2060 would increase by about 4.7 maf. The 
portfolio includes significant conservation in the near term and relies on reuse and watershed 
management rather than desalination and imports to augment supplies in the longer term. In 
addition to options that either reduce demand or increase supply, the portfolio also includes a 
mechanism to transfer water conserved in the Upper Basin through M&I and agricultural water 
conservation, and energy water use efficiency, to a conceptual Upper Basin water bank. Water is 
stored in the water bank until needed to be released in order to avoid Upper Basin curtailment 
due to Compact obligations.  

Figure F-18 indicates the options included in the portfolio and their relative cost, yield, and 
timing availability. Table F-13 summarizes the portfolio of options by option category and yield 
in the near term and long term. 
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FIGURE F-18 
Ordered Options, Yield, Cost, and Time Availability for Portfolio C 

 
 
TABLE F-13 
Summary of Included Options for Portfolio C 

Option 
Category Option Type 

Near-Term Long-Term Total 
Number of 

Options 
Sum of 

Yield (afy) 
Number of 

Options 
Sum of 

Yield (afy) 
Number of 

Options 
Sum of 

Yield (afy) 

Augment 
Supply 

Desal 4 520 1 100 5 620 
Import 0 0 0 0 0 0 
Local Supply 1 75 0 0 1 75 
Reuse 4 618 3 532 7 1,150 
Watershed 
Management 4 610 1 120 5 730 

Total 13 1,823 5 752 18 2,575 

Reduce 
Demand 

Agricultural 
Conservation 5 1,000 0 0 5 1,000 

Energy Water 
Use Efficiency 1 160 0 0 1 160 

M & I 
Conservation 3 600 2 400 5 1,000 

Total 9 1,760 2 400 11 2,160 
 Grand Total 22 3,583 7 1,152 29 4,735 
1 Near-Term refers to options that can be implemented before 2035. 
2 Long-Term refers to options that are implemented after 2035. 
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To demonstrate the yield and cost of options over time included in Portfolio C, figure F-19 
shows the total portfolio yield over time for several different portfolio average costs. The top line 
shows the yield reaching the maximum amount of 4.7 mafy in 2052 with an average portfolio 
cost of around $1,000 per af. If the implementation of this portfolio only required roughly 
3.0 mafy by 2050, then the average cost of the portfolio would be closer to $500 per af. Because 
the portfolio is described as a preference of options that are then ordered by cost effectiveness, 
each subsequent option that is called for in a portfolio reflects an increasing cost. 

FIGURE F-19 
Total Portfolio Yield over Time by Average Cost for Portfolio C

 
 

6.5 Portfolio D 
Portfolio D includes only those options included in both Portfolio B and Portfolio C. 
Implementing all options in this portfolio when available would yield on average about 4.0 maf 
of new supply or reduced demand. Significant options not included in this portfolio are several 
desalination options and imports from the Missouri River. In addition to containing less potential 
yield than other portfolios, Portfolio D includes the fewest number of options.  

Figure F-20 indicates the options included in the portfolio and their relative cost, yield, and 
timing availability. Table F-14 summarizes the portfolio of options by option category and yield 
in the near term and long term. 
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FIGURE F-20 
Ordered Options, Yield, Cost, and Timing Availability for Portfolio D 

 
 
TABLE F-14 
Summary of Included Options for Portfolio D 

  Near-Term Long-Term Total 

Option 
Category Option Type 

Number 
of 

Options 
Sum of Yield 

(afy) 

Number 
of 

Options 
Sum of Yield 

(afy) 

Number 
of 

Options 
Sum of Yield 

(afy) 

Augment 
Supply 

Desal 4 520 1 100 5 620 

Import 0 0 0 0 0 0 

Local Supply 0 0 0 0 0 0 

Reuse 3 440 3 532 6 972 

Watershed 
Management 2 300 0 0 2 300 

Total 9 1,260 4 632 13 1,892 

Reduce 
Demand 

Agricultural 
Conservation 5 1,000 0 0 5 1,000 

Energy Water 
Use Efficiency 1 160 0 0 1 160 

M & I 
Conservation 3 600 2 400 5 1,000 

Total 9 1,760 2 400 11 2,160 

 Grand Total 18 3,020 6 1,032 24 4,052 
1 Near-Term refers to options that can be implemented before 2035. 
2 Long-Term refers to options that are implemented after 2035. 
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To demonstrate the yield and cost of options over time included in Portfolio D, figure F-21 
shows the total portfolio yield over time for several different portfolio average costs. The top line 
shows the yield reaching the maximum amount of 5.1 mafy in 2052 with an average portfolio 
cost of around $1,000 per af. If the implementation of this portfolio only required roughly 
3.0 mafy by 2050, then the average cost of the portfolio would be closer to $500 per af. Because 
the portfolio is described as a preference of options that are then ordered by cost effectiveness, 
each subsequent option that is called for in a portfolio reflects an increasing cost. 

FIGURE F-21 
Total Portfolio Yield over Time by Average Cost for Portfolio D

 
 

6.6 Portfolio Comparison 
The four portfolios described above represent different exploratory approaches for addressing the 
projected imbalances between water supply and demand. These portfolios were developed in 
conjunction with the Options and Strategies Sub-Team, but should not be considered as 
individual suggestive pathways. Rather, they were developed to explore the range of options, 
different preferences for option characteristics, and different levels of option inclusion.  
Table F-15 provides a high-level comparison of the options that were either included in all 
portfolios, included in some but not all portfolios, or were not included in any portfolio.  
As can be seen in the table, the highest steps of Gulf of California and Pacific Ocean 
desalination options, the most complex import options, reservoir and canal covers, and many of 
the watershed management options were not selected for inclusion in any of the portfolios.  
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TABLE F-15 
Frequency of Option Inclusion Across the Four Study Portfolios  

Option Type Included in All Portfolios 
Included in Some 

Portfolios Not Included in Any Portfolio 

Conservation Ag Cons-Transfer (Step 1) 
Ag Cons-Transfer (Step 2) 
Ag Cons-Transfer (Step 3) 
Ag Cons-Transfer (Step 4) 
Ag Cons-Transfer (Step 5) 
M&I Conservation (Step 1) 
M&I Conservation (Step 2) 
M&I Conservation (Step 3) 
M&I Conservation (Step 4) 
M&I Conservation (Step 5) 

 Ag Conservation (Step 1) 
Ag Conservation (Step 2) 
Ag Conservation (Step 3) 
Ag Conservation (Step 4) 
Ag Conservation (Step 5) 

Desal Desal-SoCal groundwater 
Desal-Yuma 
Desal-Salton Sea (Step 1) 
Desal-Salton Sea (Step 2) 
Desal-Salton Sea (Step 3) 

Desal-Pacific Ocean-
Mexico 
Desal-Gulf (Step 1 
Desal-Pacific Ocean-CA 
(Step 1) 
Desal-Gulf (Step 2) 
Desal-Pacific Ocean-CA 
(Step 2) 

Desal-Gulf (Step 3) 
Desal-Gulf (Step 4) 
Desal-Gulf (Step 5) 
Desal-Gulf (Step 6) 
Desal-Pacific Ocean (Step 3) 

Energy Water 
Use Efficiency 

Power Plan Conversion to 
Air Cooling 

  

Import  Import-Front Range-
Missouri 
 

Import-Front Range-Mississippi 
Import-SoCal-Columbia 
Import-SoCal-Icebergs 
Import-SoCal-Tankers (Step 1) 
Import-SoCal-Tankers (Step 2) 
Import-SoCal-Tankers (Step 3) 
Import-SoCal-Water Bags (Step 1) 
Import-SoCal-Water Bags (Step 2) 
Import-SoCal-Water Bags (Step 3) 

Local Supply  Local-Rain 
Local-CBM 

 

Reuse Reuse-Industrial 
Reuse-Municipal (Step 1) 
Reuse-Municipal (Step 2) 
Reuse-Municipal (Step 3) 
Reuse-Municipal (Step 4) 
Reuse-Municipal (Step 5) 

Reuse-Grey Water 
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TABLE F-15 
Frequency of Option Inclusion Across the Four Study Portfolios  

Option Type Included in All Portfolios 
Included in Some 

Portfolios Not Included in Any Portfolio 

System 
Reoperations  

  SysOps-Covers-Canals 
SysOps-Covers (Step 1) 
SysOps-Covers (Step 2) 
SysOps-Covers (Step 3) 
SysOps-Covers (Step 4) 
SysOps-Covers (Step 5) 

Watershed 
Management 

Watershed-Weather Mod 
(Step 1) 
Watershed-Weather Mod 
(Step 2) 

Watershed-Tamarisk 
Watershed-Dust (Step 1) 
Watershed-Dust (Step 2) 

Watershed-Brush 
Watershed-Forest (Step 1) 
Watershed-Forest (Step 2) 
Watershed-Weather Mod (Step 3) 
Watershed-Weather Mod (Step 4) 
Watershed-Weather Mod (Step 5) 
Watershed-Weather Mod (Step 6) 
Watershed-Weather Mod (Step 7) 
Watershed-Weather Mod (Step 8) 
Watershed-Weather Mod (Step 9) 

Water Banking  Upper Basin Water Bank  

 

However, only 12 options are included in some but not all portfolios. These included ocean 
desalination options, imports from the Missouri River, expensive options related to local 
distributed supply or reuse development such as rainwater harvesting and grey water reuse, and 
watershed management options such as tamarisk control and dust management. 

The differences in the selection or inclusion of options in the portfolios also influences the total 
potential yield and implementation cost. Figure F-22 shows the potential yield of the four 
portfolios over time for three different limits on the portfolio average cost. On the right, the 
portfolios are essentially unconstrained by cost (average costs are less than $1,250 per af). Not 
surprisingly, Portfolio A has the highest potential yield (~6.3 maf) and Portfolio D has the lowest 
potential yield (~4.0 maf). Portfolio B and Portfolio C yields are similar through 2042. At that 
point, Portfolio B yield increases significantly more than Portfolio C. For lower average costs, 
the differences between the four portfolios are less significant (figure F-22, left), particularly 
between Portfolio B and Portfolio C.  

6.7 Implementing Dynamic Portfolios in CRSS 
The Study developed these four portfolios as exploratory approaches for addressing future 
supply and demand imbalances. The portfolios represent a preference set for options that may be 
implemented in the future to address imbalances. However, the portfolios are implemented 
dynamically in CRSS modeling such that options are only brought on line as needed to address a 
particular vulnerability. For example, if a particular future only requires 2 mafy of additional 
options to address the vulnerabilities, then only a portion of the portfolio list of options would be 
implemented. Similarly, if the vulnerability that arises in the scenario of the future is regionally 
specific, then only those options that can address the regional vulnerability would be 
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implemented. As a result, the outcome of the modeling analysis of each portfolio under future 
plausible combinations of supply and demand will be a range of option implementation, portfolio 
yields, and portfolio costs. Additional detail on the implementation and results of the portfolio 
analysis is described in Technical Report G – System Reliability Analysis and Evaluation of 
Options and Strategies.  

FIGURE F-22 
Total Yields over Time for Average Costs less than or equal to $750 per af (left), $1,000 per af (center) and $1,250 per af (right) 
for Portfolios 

 
 

7.0 Summary and Limitations 
In response to projections of increasing imbalance between Colorado River water supply and 
water demand, a process was developed to identify and develop options and strategies to mitigate 
and adapt to the potential impacts to Basin resources. The process involved identification and 
characterization of options that may be used to address imbalances, and development of 
portfolios of options that explore a range of strategies to adapt to evolving imbalances over time. 
The activities that comprise the options and strategies process were carried out through a 
collaborative process involving representatives of numerous organizations, including 
Reclamation, the Basin States, tribes and communities, and conservation organizations.  

Approximately 160 options were received as part of the solicitation for ideas to resolve 
imbalances. The options were reviewed and organized into option types and categories for 
further analysis. Each submitted option was assigned to one category based on its primary 
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function, and from these categories, about 40 unique representative options were described to 
capture the range of options submitted to and considered in the Study. A set of 17 
characterization criteria were identified and described reflecting the option attributes of interest 
in the Study. For each of the options, a qualitative letter score from A through E was assigned for 
each criterion. However, some options, such as many in the System Operations category, all in 
the Governance and Implementation category, and those related to tribal water use were 
considered in a qualitative manner not directly associated with the criteria.  

Because it is recognized that no single option is likely to address the all of the projected 
imbalances between supply and demand, four exploratory portfolios consisting of combinations 
of options were developed. Options were selected for inclusion in the portfolios based on the 
option characteristics and the overall strategy chose for a given portfolio. The portfolios contain 
unique sets of options, potential yield, cost, other attributes, and operational measures that 
represent a broad range of future adaptation possibilities. The effect of portfolio implementation 
at addressing vulnerable system conditions that may be present under future water supply and 
demand scenarios is described in Technical Report G – System Reliability Analysis and 
Evaluation of Options and Strategies.  

The process undertaken in identifying and developing the options and strategies aimed at 
establishing an objective, and consistent process for evaluation. However, the evaluation of 
options was performed at a limited and high level, consistent with the broad range of options 
submitted. Limiting the level of analysis helped ensure that all options were considered at a 
consistent, high level, but limited the characterization of options in further detail. Although all 
attempts were made to make the evaluation of options as objective as possible, the evaluation of 
a broad range of options for such a wide array of criteria cannot fully remove all subjectivity. 
The assumptions have been documented, and the Options and Strategies Sub-Team was 
encouraged to challenge assumptions in the initial ratings. Not all members of the Sub-Team 
were in agreement with all ratings but recognized that future efforts may result in a more in-
depth assessment of the selected criteria.  

Finally, the four portfolios considered in the Study represent different potential strategies for 
dynamically addressing system vulnerabilities that may develop in the future. Because there are 
many more strategies than could have been evaluated in the Study, the portfolios should be 
considered as exploratory. The primary focus of portfolio development and subsequent 
evaluation in the Study is to determine the range of responses, types of options implemented, the 
effectiveness at addressing vulnerabilities, and the range of cost and other attributes that result 
from different portfolio implementations. 
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Disclaimer 
The Colorado River Basin Water Supply and Demand Study (Study) is funded jointly by the Bureau of 
Reclamation (Reclamation) and the seven Colorado River Basin States (Basin States). The purpose of 
the Study is to analyze water supply and demand imbalances throughout the Colorado River Basin and 
those adjacent areas of the Basin States that receive Colorado River water through 2060; and develop, 
assess, and evaluate options and strategies to address the current and projected imbalances.  
Reclamation and the Basin States intend that the Study will promote and facilitate cooperation and 
communication throughout the Basin regarding the reliability of the system to continue to meet Basin 
needs and the strategies that may be considered to ensure that reliability. Reclamation and the Basin 
States recognize the Study was constrained by funding, timing, and technological and other limitations, 
and in some cases presented specific policy questions and issues, particularly related to modeling 
and interpretation of the provisions of the Law of the River during the course of the Study. In such 
cases, Reclamation and the Basin States developed and incorporated assumptions to further complete 
the Study. Where possible, a range of assumptions was typically used to identify the sensitivity of the 
results to those assumptions. 
Nothing in the Study, however, is intended for use against any Basin State, any federally recognized 
tribe, the federal government or the Upper Colorado River Commission in administrative, judicial or 
other proceedings to evidence legal interpretations of the Law of the River. As such, assumptions 
contained in the Study or any reports generated during the Study do not, and shall not, represent a legal 
position or interpretation by the Basin States, any federally recognized tribe, federal government or 
Upper Colorado River Commission as it relates to the Law of the River. Furthermore, nothing in the 
Study is intended to, nor shall the Study be construed so as to, interpret, diminish or modify the rights 
of any Basin State, any federally recognized tribe, the federal government, or the Upper Colorado River 
Commission under federal or state law or administrative rule, regulation or guideline, including without 
limitation the Colorado River Compact (45 Stat. 1057), the Upper Colorado River Basin Compact 
(63 Stat. 31), the Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande, 
Treaty Between the United States of America and Mexico (Treaty Series 994, 59 Stat. 1219), the 
United States/Mexico agreement in Minute No. 242 of August 30, 1973 (Treaty Series 7708; 24 UST 
1968), or Minute No. 314 of November 26, 2008, or Minute No. 318 of December 17, 2010, or Minute 
No. 319 of November 20, 2012, the Consolidated Decree entered by the Supreme Court of the United 
States in Arizona v. California (547 U.S 150 (2006)), the Boulder Canyon Project Act (45 Stat. 1057), 
the Boulder Canyon Project Adjustment Act (54 Stat. 774; 43 U.S.C. 618a), the Colorado River 
Storage Project Act of 1956 (70 Stat. 105; 43 U.S.C. 620), the Colorado River Basin Project Act of 
1968 (82 Stat. 885; 43 U.S.C. 1501), the Colorado River Basin Salinity Control Act (88 Stat. 266; 43 
U.S.C. 1951) as amended, the Hoover Power Plant Act of 1984 (98 Stat. 1333), the Colorado River 
Floodway Protection Act (100 Stat. 1129; 43 U.S.C. 1600), the Grand Canyon Protection Act of 1992 
(Title XVIII of Public Law 102-575, 106 Stat. 4669), or the Hoover Power Allocation Act of 2011 
(Public Law 112-72). In addition, nothing in the Study is intended to, nor shall the Study be construed 
so as to, interpret, diminish or modify the rights of any federally recognized tribe, pursuant to 
federal court decrees, state court decrees, treaties, agreements, executive orders and federal trust 
responsibility. Reclamation and the Basin States continue to recognize the entitlement and right of 
each State and any federally recognized tribe under existing law, to use and develop the water of the 
Colorado River system. 
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Appendix F1 — Options and Strategies  
Sub-Team Members 

The information presented in Technical Report F – Development of Options and Strategies is the 

outcome of a collaborative process involving representatives of numerous organizations.  

A list of Options and Strategies Sub-Team members and their affiliations is presented below.  

 Perri Benemelis, Arizona Department of Water Resources 

 Don Gross, Arizona Department of Water Resources 

 Les Lampe, Black & Veatch 

 Klint Reedy, Black & Veatch 

 Alan Butler, Bureau of Reclamation 

 Carly Jerla, Bureau of Reclamation 

 Ken Nowak, Bureau of Reclamation 

 James Prairie, Bureau of Reclamation 

 Chuck Cullom, Central Arizona Project 

 Armin Munévar, CH2M HILL  

 Greg Gates, CH2M HILL 

 Chris Harris, Colorado River Board of California 

 Lindia Liu, Colorado River Board of California 

 Dave Kanzer, Colorado River Water Conservation District 

 Ted Kowalski, Colorado Water Conservation Board 

 Jennifer Pitt, Environmental Defense Fund 

 John Carter, Imperial Irrigation District 

 Kevin Flanigan, New Mexico Interstate Stream Commission 

 Estevan Lopez, New Mexico Interstate Stream Commission 

 Jordan Fischbach, RAND Corporation 

 David Groves, RAND Corporation 

 Kay Brothers, Southern Nevada Water Authority 

 Tom Maher, Southern Nevada Water Authority 

 Bruce Moore, Southern Nevada Water Authority 

 Cathy Condon, Ten Tribes Partnership  

 Jason John, Ten Tribes Partnership  

 Bill Hasencamp, The Metropolitan Water District of Southern California 

 Jan Matusak, The Metropolitan Water District of Southern California 

 Taylor Hawes, The Nature Conservancy 

 Melinda Kassen, Trout Unlimited 

 Erin Wilson, Wilson Water Group 

 John Shields, Wyoming State Engineer’s Office 
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Appendix F2 — Options Submitted to the 
Study 

1.0 Introduction 
In November 2011, the Colorado River Basin Water Supply and Demand Study (Study) 
began its fourth and final phase: Evaluation of Opportunities for Supply and Demand.  From 
November 2011 through February 2012, the Study solicited public input on options and 
strategies for helping to resolve future water supply and demand imbalances in the Colorado 
River Basin (Basin).  The Study cost-share partners sought input from a broad range of 
stakeholders and interested parties located within as well as external to the Basin.   

A report by the Bureau of Reclamation (Reclamation), Phase 4: Development and 
Evaluation of Opportunities for Balancing Water Supply and Demand – Request for Ideas, 
(Reclamation, 2011) was published to provide relevant information to those interested in 
submitting input.  The report provided a summary of previous studies that assessed future 
imbalances and explored options and strategies, and described ongoing efforts for balancing 
Basin supply and demand.  Project participants and stakeholders were encouraged to submit 
ideas related to options and strategies that could help to resolve future supply and demand 
imbalances in the Basin by February 1, 2012. 

A total of 160 options were received.  The submittals, as received, are available in electronic 
portable document format on the compact disc that accompanies this report and at the Study 
website at http://www.usbr.gov/lc/region/programs/crbstudy.html.  The options were 
separated into four types based on their approach for resolving the imbalance: Increase 
Supply, Reduce Demand, Modify Operations, and Governance and Implementation.   

Approximately 55 options were submitted that related to increasing supply, 42 options 
related to reducing demand, 22 options related to modifying operations, and 41 options 
related to governance and implementation.  The options were further organized into 
categories and groups, from which representative options were developed for consideration 
in the analysis, as follows: 

• Increase Supply: This type included suggestions for importing water into the Basin from 
the Green River, Snake River, via ocean routes, or through exchanges with Missouri and 
Mississippi rivers’ supply; desalination projects along the Pacific Ocean, along the Gulf 
of California, or brackish water desalting projects in California and Arizona; wastewater 
reuse; greater use of local supplies; and application of watershed management techniques 
such as weather modification or vegetation control to increase supply.  

• Reduce Demand: This type included suggestions for municipal and industrial water 
conservation, agricultural water conservation, energy water use efficiency, and methods 
for reducing evaporation from lakes and canals. 

• Modify Operations: This type included suggestions for changing system operations, 
augmenting storage, and including water banking and transfer programs.   
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• Governance and Implementation: These suggestions are related to changes in policy, 
management, legal structure, or future implementation and governance of the Colorado 
River system.   

Table F2-1 summarizes the submittals and the original submittals are available via links from 
the electronic version of this appendix available on the compact disc that accompanies this 
report and the version of this appendix on the Study website at 
http://www.usbr.gov/lc/region/programs/crbstudy.html. 
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TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Increase Supply Importation Imports to the Green River 
Headwaters 

Snake River Imports 4 Colorado River Augmentation – Snake 
River Import 

Increase Supply Importation Imports to the Green River 
Headwaters 

Snake River Imports 39 Import flows from the Snake River to the 
Green River 

Increase Supply Importation Imports to the Green River 
Headwaters 

Snake River Imports 47 Colorado River Augmentation – Clark’s 
Fork to Green River Import 

Increase Supply Importation Imports to the Green River 
Headwaters 

Bear River Imports 46 Colorado River Augmentation – Bear River 
to Ham’s Fork Creek Import 

Increase Supply Importation Imports to the Green River 
Headwaters 

Yellowstone River Imports 158 Imports from Tributaries of the Columbia 
River 

Increase Supply Importation Imports to the Colorado 
Front Range 

Missouri River Imports 12 Surface Water Importation – Missouri River 

Increase Supply Importation Imports to the Colorado 
Front Range 

Missouri River Imports 50 Missouri River Reuse Project (Front 
Range) 

Increase Supply Importation Imports to the Colorado 
Front Range 

Missouri River Imports 155 Midwest Imports 

Increase Supply Importation Imports to the Colorado 
Front Range 

Missouri River Imports 157 Import Water from Floodplains 

Increase Supply Importation Imports to the Colorado 
Front Range 

Missouri River Imports 159 Missouri River Reuse Project (Front Range 
+ Rio Grande) 

Increase Supply Importation Imports to the Colorado 
Front Range 

Mississippi River Imports 52 Mississippi River Supply 

Increase Supply Importation Imports to Southern 
California 

Tankers 14 Water Imports Using Ocean Routes – 
Tankers 

Increase Supply Importation Imports to Southern 
California   

Water Bags 15 Water Imports Using Ocean Routes – 
Water Bags 

Increase Supply Importation Imports to Southern 
California   

Icebergs 16 Water Imports Using Ocean Routes – 
Icebergs 

Increase Supply Importation Imports to Southern 
California   

Columbia River Imports 49 Colorado River Augmentation – Columbia 
River via a Submarine Pipeline 
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TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Increase Supply Desalination Ocean Desalination Pacific Ocean Desalination 
in California 

6 Pacific Ocean Desalination 

Increase Supply Desalination Ocean Desalination Pacific Ocean Desalination 
in California 

11 Desalination in California – Subsidized by 
Nevada and Arizona 

Increase Supply Desalination Ocean Desalination Pacific Ocean Desalination 
in California and Mexico 

40 Widespread Desalination – San Francisco, 
Salton Sea, Puerto Penase, Mexicali 
Mexico; Rio Grande, Houston Area. 

Increase Supply Desalination Ocean Desalination Pacific Ocean Desalination 
in California and Mexico 

103 Desalination Augmentation 

Increase Supply Desalination Ocean Desalination Pacific Ocean Desalination 
in California 

128 Water for West Project 

Increase Supply Desalination Ocean Desalination Pacific Ocean Desalination 
in California 

156 Implement Desalination and Reuse 
Concepts 

Increase Supply Desalination Ocean Desalination Pacific Ocean Desalination 
in Mexico 

108 Rosarito Beach Binational Seawater 
Desalination Plant 

Increase Supply Desalination Ocean Desalination Gulf of California 
Desalination 

30 Desalination – Sea of Cortez 

Increase Supply Desalination Ocean Desalination Gulf of California 
Desalination 

110 Gulf of California Desalination 

Increase Supply Desalination Desalination of Agricultural 
Drainwater 

Salton Sea Drainwater 
Reuse 

137 Colorado River Aqueduct Desalination and 
Salton Sea Water Supply Project 

Increase Supply Desalination Desalination of Agricultural 
Drainwater 

Salton Sea Drainwater 
Reuse 

139 Salton Sea Restoration and Drainwater 
Reuse 

Increase Supply Desalination Desalination of Brackish 
Groundwater 

Southern California 
Groundwater Desalination 

24 Desalination of Brackish Groundwater – 
Yuma, AZ and Riverside County, CA 

Increase Supply Desalination Desalination of Brackish 
Groundwater 

Southern California 
Groundwater Desalination 

143 Southern California Groundwater 
Desalination 

Increase Supply Desalination Desalination of Brackish 
Groundwater 

Brackish Water Desalting in 
Yuma Area 

140 Brackish Water Desalting in Yuma Area 

Colorado River Basin 
Water Supply and Demand Study 
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TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Increase Supply Desalination Desalination of 
Groundwater 

Brackish Brackish Water 
Yuma Area 

Desalting in 162 Yuma-Mesa Barrier Dam 
Collector System Project 

and Water 

Increase Supply Reuse Municipal 
Reuse 

Wastewater Municipal 
Reuse 

Wastewater 7 Mega Reuse in Southern Coast California 

Increase Supply Reuse Municipal 
Reuse 

Wastewater Municipal 
Reuse 

Wastewater 26 Water Reuse/Recycling 

Increase Supply Reuse Municipal 
Reuse 

Wastewater Municipal 
Reuse 

Wastewater 104 Water Reuse/Recycling 

Increase Supply Reuse Municipal 
Reuse 

Wastewater Municipal 
Reuse 

Wastewater 141 Water Reuse in Front Range Colorado 

Increase Supply Reuse Municipal 
Reuse 

Wastewater Municipal 
Reuse 

Wastewater 142 Water Reuse Along Wasatch Front 

Increase Supply Reuse Municipal 
Reuse 

Wastewater Municipal 
Reuse 

Wastewater 145 Water Reuse in Central Arizona 

Increase Supply Reuse Municipal 
Reuse 

Wastewater Municipal 
Reuse 

Wastewater 160 Water Reuse – New Mexico's Urban Areas 

Increase Supply Reuse Municipal 
Reuse 

Wastewater Municipal 
Reuse 

Wastewater 161 Water Reuse – Wyoming's Urban Areas 

Increase Supply Reuse Municipal 
Reuse 

Wastewater Municipal 
Reuse 

Wastewater 98 Water Conservation and Management 

Increase Supply Reuse Grey Water Reuse Grey Water Reuse 3 Grey Water Recycling System 

Increase Supply Reuse Industrial 
Reuse 

Wastewater Industrial 
Reuse 

Wastewater 152 Industrial Reuse 

Increase Supply Local Supply Rainwater Harvesting Rainwater Harvesting 17 Individual
Barrels) 

 Conservation and Storage (Rain 

Increase Supply Local Supply Rainwater Harvesting Rainwater Harvesting 22 Rainwater Capture Diverted to Lake Mead 

Increase Supply Local Supply Coal Bed Methane- 
produced Water 

Coal Bed Methane-
produced Water 

42 Consider Adequate Supplies 
Industries in the Future 

to Oil and Gas 

  Appendix F2 — Options 
    Submitted to the Study 
 

December 2012  F2-5 



TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Increase Supply Local Supply Coal Bed Methane-
produced Water 

Coal Bed Methane-
produced Water 

51 Coal Bed Methane Produced Water 

Increase Supply Watershed 
Management 

Brush Control Brush Control 5 Brush Control on BLM Land 

Increase Supply Watershed 
Management 

Dust Control Dust Control 33 Development of a Dust Mitigation Program 

Increase Supply Watershed 
Management 

Dust Control  Dust Control 59 Dust Abatement
Recovery 

for Colorado River Flow 

Increase Supply Watershed 
Management 

Dust Control Dust Control 92 Air Quality Improvement/Reduction of 
causing Snow to Melt 

Soot 

Increase Supply Watershed 
Management 

Forest Management Forest Management 48 Forest Management – Increased Harvest 

Increase Supply Watershed 
Management 

Forest Management Forest Management 125 Forest Management 
Wildfires 

Strategies to Reduce 

Increase Supply Watershed 
Management 

Weather Modification Weather Modification 89 Precipitation Enhancement 
(Weather Modification) 

/ Cloud Seeding 

Increase Supply Watershed 
Management 

Weather Modification Weather Modification 129 Weather 
Seeding) 

Modification Program (i.e. Cloud 

Increase Supply Watershed 
Management 

Weather Modification Weather Modification 153 Increase Rainfall 
Seas 

by Creating More Inland 

Increase Supply Watershed 
Management 

Tamarisk Control Tamarisk Control 130 Strategic Management of Tamarisk 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 9 Residential housing water leak reduction 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 23 Eliminate Water Needy Plants 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 25 Municipal Efficiency: 1% per Year   

Colorado River Basin 
Water Supply and Demand Study 
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TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 27 Water Efficiency Action Network of the 
Colorado River Basin (WEAN-CRB) 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 29 Mandate water saving technologies 
large water users 

for 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 32 Prohibit/Eliminate 
Diversions 

New Large-Scale 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 41 Urban Water 
Conservation 

Demand Management and 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 43 Evaporation reduction by limiting man-
made water bodies including pools, lakes 
and water parks. 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 45 Reduce Outdoor Water Use 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 58 Conservation Instead of 
pipeline 

Lake Powell 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 61 Geyser Flow Control Device 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 69 Municipal 
 

Efficiency 1 percent per year 

Reduce 
Demand 

Municipal/Industri
al Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 70 Water Loss Control and Reduction 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 71 Landscape Design Regulations 
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TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 72 Landscape Water Budgets 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 73 Enforcement of Water Waste Ordinances 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 74 Water Audits 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 75 Public Education and Awareness 
Campaigns 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 76 Lawns to Xeriscape 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 77 Inclining Block Rates 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 78 Residential Retrofits 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 79 Commercial Retrofits 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 80 Metering Multi-Family Use 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 81 Pool Covers 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 107 Change of current water policies 

Colorado River Basin 
Water Supply and Demand Study 
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Summary of Options Received 
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Option Type Option Category Option Group Representative Option Record No. Option Name 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 119 Colorado River Basin-Wide Per 
Water Use Goal 

Capita 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 131 Proposal to include water savings from the 
implementation of new product standards in 
baseline water use projections 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 132 Proposal to include water savings from 
proposed product standards in 
conservation scenario demand projections 

Reduce 
Demand 

Municipal/ 
Industrial Water 
Conservation 

Municipal/Industrial 
Conservation 

Water Municipal/Industrial 
Conservation 

Water 151 Assisted/Smart Irrigation and Precision 
farming  (fertilizer applications) in  urban  
settings 

Reduce 
Demand 

Agricultural 
Water 
Conservation 

Agricultural Water 
Conservation 

Agricultural Water 
Conservation 

19 Assisted/Smart Irrigation and Precision 
Farming  in Agricultural Settings 

Reduce 
Demand 

Agricultural 
Water 
Conservation 

Agricultural Water 
Conservation 

Agricultural Water 
Conservation 

53 Agricultural Conservation and Efficiency 

Reduce 
Demand 

Agricultural 
Water 
Conservation 

Agricultural Water 
Conservation 

Agricultural Water 
Conservation 

54 Irrigation Infrastructure Modernization 
Program to Improve Efficiency 

Reduce 
Demand 

Agricultural 
Water 
Conservation 

Agricultural Water 
Conservation 

Agricultural Water 
Conservation 

83 Reduction of On-farm and Conveyance 
Evaporative Losses and Deep Percolation. 

Reduce 
Demand 

Agricultural 
Water 
Conservation 

Agricultural Water 
Conservation 

Agricultural Water 
Conservation 

90 Watershed Management Improvements 
(Soil Grouting, Irrigation Practices, Utilizing 
Stock Ponds and Small Divers 

Reduce 
Demand 

Agricultural 
Water 
Conservation 

Agricultural Water 
Conservation 

Agricultural Water 
Conservation with Water 
Transfers 

31 Conversion to Controlled Environment 
Agriculture (greenhouse production) 

Reduce 
Demand 

Agricultural 
Water 
Conservation 

Agricultural Water 
Conservation 

Agricultural Water 
Conservation with Water 
Transfers 

99 Water Pricing Reform 



TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Reduce 
Demand 

Agricultural 
Water 
Conservation 

Agricultural Water 
Conservation 

Agricultural Water 
Conservation with Water 
Transfers 

118 Reduce Cattle Production and Beef 
Demand 

Reduce 
Demand 

Agricultural 
Water 
Conservation 

Agricultural Water 
Conservation 

Agricultural Water 
Conservation with Water 
Transfers 

138 Agricultural Field 
Native Grasses 

Restoration Utilizing 

Reduce 
Demand 

Energy Water 
Use Efficiency 

Conversion of 
to Air Cooling 

Power Plants Conversion of 
to Air Cooling 

Power Plants 13 Power Plant Air Cooling Conversion – 
Navajo Generating Station 

Reduce 
Demand 

Energy Water 
Use Efficiency 

Energy Conservation Water 
the Oil 

Use Efficiencies in 
and Gas Industry 

18 Reform of Gas and Oil Industry 

Reduce 
Demand 

Energy Water 
Use Efficiency 

Conversion of 
to Air Cooling 

Power Plants Conversion of 
to Air Cooling 

Power Plants 28 Demand Management 
Power Plants 

at Thermoelectric 

Reduce 
Demand 

Energy Water 
Use Efficiency 

Energy Conservation Water 
the Oil 

Use Efficiencies in 
and Gas Industry 

126 Reducing Energy 
Consumption 

Industry’s Water 

Modify 
Operations 

System 
Operations 

Evaporation Control Covers Solar Panel 
Covers 

Reservoir 1 Evaporation Reduction via 
Systems 

Floatovoltaics 

Modify 
Operations 

System 
Operations 

Evaporation Control Covers Solar Panel 
Covers 

Reservoir 86 Reduce Surface Water Evaporation via 
Floating Photovoltaics or Plastic Balls 

Modify 
Operations 

System 
Operations 

Evaporation Control Covers Solar Panel 
Covers 

Reservoir 44 Evaporation Reduction from 
and Canals 

Reservoirs 

Modify 
Operations 

System 
Operations 

Evaporation Control Covers Solar Panel Canal Covers 10 Evaporation Reduction at Canals 
Covering with Solar Panels 

by 

Modify 
Operations 

System 
Operations 

Evaporation Control Covers Chemical Type Covers 133 Eliminating Water Loss 
Evaporation by 50% 

by Cutting 

Modify 
Operations 

System 
Operations 

Modified Operation of 
Existing Reservoirs 

Reduce Reservoir 
Evaporation 

37 Optimization Study of Evaporation Loss 

Modify 
Operations 

System 
Operations 

Modified Operation of 
Existing Reservoirs 

Reduce Reservoir 
Evaporation 

136 Reservoir Evaporation Control 

Modify 
Operations 

System 
Operations 

Modified Operation of 
Existing Reservoirs 

Prioritize Lake Mead 
Storage 

60 Fill Mead First 

Colorado River Basin 
Water Supply and Demand Study 
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TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Modify 
Operations 

System 
Operations 

Modified Operation of 
Existing Reservoirs 

Prioritize Lake Mead 
Storage 

102 Single Reservoir Water Storage 

Modify 
Operations 

System 
Operations 

Modified Operation of 
Existing Reservoirs 

Maximize Hydropower 
Generation 

111 Aspinall Unit Bypass Reduction Option 

Modify 
Operations 

System 
Operations 

Modified Operation of 
Existing Reservoirs 

Maximize Hydropower 
Generation 

113 Crystal 
Option 

Reservoir Unit Bypass Reduction 

Modify 
Operations 

System 
Operations 

Modified Operation of 
Existing Reservoirs 

Maximize Hydropower 
Generation 

114 Flaming Gorge Unit 
Option 

Bypass Reduction 

Modify 
Operations 

System 
Operations 

Modified Operation of 
Existing Reservoirs 

Maximize Hydropower 
Generation 

115 Fontenelle Reservoir 
Reduction Option 

Unit Bypass 

Modify 
Operations 

System 
Operations 

Modified Operation of 
Existing Reservoirs 

Maximize Hydropower 
Generation 

116 Hydropower Minimum 
Protection Option 

Generation Elevation 

Modify 
Operations 

System 
Operations 

Operating for 
Environmental Purposes 

Operating for 
Environmental Purposes 

20 The One-Dam Solution – Lake Powell 
Removal, Underground Storage and 
Sediment Removal in Lake Mead 

Modify 
Operations 

System 
Operations 

Operating for 
Environmental Purposes 

Operating for 
Environmental Purposes 

56 Integrated Options to 
Healthy River Flows  

Maintain and Restore 

Modify 
Operations 

System 
Operations 

Operating for 
Environmental Purposes 

Operating for 
Environmental Purposes 

65 Integrated Options to 
Healthy River Flows 

Maintain and Restore 

Modify 
Operations 

 System 
Operations 

Operating for 
Environmental Purposes 

Operating for 
Environmental Purposes 

106 Yuma Island Wildlife, 
Improvement 

Irrigation and 

Modify 
Operations 

System 
Operations 

Operating for 
Environmental Purposes 

Operating for 
Environmental Purposes 

124 Integrated Options to 
Healthy River Flows 

Maintain and Restore 

Modify 
Operations 

System 
Operations 

New Water Storage New Water Storage 154 Pump Storage in Upper Basin Headwaters 

Modify 
Operations 

System 
Operations 

New Water Storage New Water Storage 85 Reservoirs such as Drop 2 

Modify 
Operations 

System 
Operations 

New Water Storage Improved Groundwater 
Management 

63 Improved Groundwater Management 
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TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Water Transfers, 
Exchanges 

Water Transfers 
Exchanges 

and 101 Water Banking and Transfer Scheme 

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Water Transfers, 
Exchanges 

Water Transfers 
Exchanges 

and 120 Facilitating Voluntary 
Project Water 

Transfers of Federal 

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Guided Water Markets Guided Water Markets 62 Guided Water Markets  

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Guided Water Markets Guided Water Markets 121 Guided Water  Markets  

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Upper Basin Water Banking Upper Basin Water Banking 55 ICS in the Upper Basin 

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Upper Basin Water Banking Upper Basin Water Banking 64 Individual State-based Water 
Upper Basin 

Banks in the 

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Upper Basin Water Banking Upper Basin Water Banking 95 Upper Basin Water Bank 

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Upper Basin Water Banking Upper Basin Water Banking 123 Individual State-based Water 
Upper Basin  

Banks in the 

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Upper Basin Water Banking Upper Basin Water Banking 127 Upper Basin Water Bank  

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Lower Basin Water Banking Lower Basin Water Banking 35 Lower Basin Water Banking 

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Lower Basin Water Banking Lower Basin Water Banking 68 Lower Basin Water Bank 
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TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Groundwater Banking Groundwater Banking 87 Groundwater Banking Credits 

Governance and 
Implementation 

Water Transfers, 
Exchanges, and 
Banking 

Groundwater Banking Groundwater Banking 100 Aquifer Storage and Recovery 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Changes 
of Water 

to Apportionment 
Supply 

Changes 
of Water 

to Apportionment 
Supply 

21 The One-Dam Solution – 
Colorado River Compact 

Re-examine the 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Changes 
of Water 

to Apportionment 
Supply 

Changes 
of Water 

to Apportionment 
Supply 

36 Mutual 
Basins 

Forbearance by Upper and Lower 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Changes 
of Water 

to Apportionment 
Supply 

Changes 
of Water 

to Apportionment 
Supply 

38  Colorado River Basin 
based on population 

Flow Re-distribution 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Changes 
of Water 

to Apportionment 
Supply 

Changes 
of Water 

to Apportionment 
Supply 

117 Upper Basin Voluntary Demand Cap 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Process for Expanded 
Stakeholder Involvement 

Process for Expanded 
Stakeholder Involvement 

34 Informal Basin-wide Stakeholder 
Governance Process 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Process for Expanded 
Stakeholder Involvement 

Process for Expanded 
Stakeholder Involvement 

135 Colorado River 
Committee 

Basin Blue Ribbon 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Population Control  Population Control 2 Conversations 

area 
to limit growth in subject 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Population Control  Population Control 57 Reverse Migration 
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TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Conservation and Trust 
Funds 

Conservation and Trust 
Funds 

67 Leveraging utility scale water efficiency 
programs to support local and regional 
environmental enhancement using the 
Conserve to Enhance mechanism 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Conservation and Trust 
Funds 

Conservation and Trust 
Funds 

88 Financial Tools Allowing New Development 
to Pay for the Development of New Local 
Supplies 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Conservation and Trust 
Funds 

Conservation and Trust 
Funds 

91 Removal of Invasive Plants Species 

Governance and 
Implementation 

Water 
Management 
Allocation 

and 
Conservation and Trust 
Funds 

Conservation and Trust 
Funds 

112 Colorado River Climate Change Adaptation 
& Environmental Trust Fund 

Governance and 
Implementation 

Tribal Water Voluntary 
Transfers 

Tribal Water Voluntary 
Transfers 

Tribal Water 66 Inter-Basin (Upper Basin to 
Leasing of Ute Indian Tribal 

Lower 
Water 

Basin) 

Governance and 
Implementation 

Tribal Water Voluntary 
Transfers 

Tribal Water Voluntary 
Transfers 

Tribal Water 96 Upper Basin, Interstate Leasing of 
Indian Tribal Water 

Ute 

Governance and 
Implementation 

Tribal Water Voluntary 
Transfers 

Tribal Water Voluntary 
Transfers 

Tribal Water 109 Tribal Efficiencies 
Transfers 

and Voluntary Water 

Governance and 
Implementation 

Tribal Water Voluntary 
Transfers 

Tribal Water Voluntary 
Transfers 

Tribal Water 144 Voluntary Tribal Water Transfers 

Governance and 
Implementation 

Tribal Water Tribal Water 
Intentionally 
Surplus 

Storage and 
Created 

Tribal Water 
Intentionally 
Surplus 

Storage and 
Created 

82 Recognition of the Ute Tribe’s 
Water Right in Storage 

reserved 

Governance and 
Implementation 

Tribal Water Tribal Water 
Intentionally 
Surplus 

Storage and 
Created 

Tribal Water 
Intentionally 
Surplus 

Storage and 
Created 

146 Beneficial 
by Tribes 

Water Use of All Tribal Waters 

Governance and 
Implementation 

Tribal Water Inter-governmental Forum Inter-governmental Forum 163 Inter-governmental Forum 

Governance and 
Implementation 

Tribal Water Resolution of Tribal Claims Resolution of Tribal Claims 134 Expeditious Resolution of All Tribal Claims 

Colorado River Basin 
Water Supply and Demand Study 
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TABLE F2-1 
Summary of Options Received 

Option Type Option Category Option Group Representative Option Record No. Option Name 

Governance and 
Implementation 

Tribal Water Affordability of Tribal 
Waters via Central Arizona 
Project 

Affordability of Tribal 
Waters via Central Arizona 
Project 

147 Affordability 
Canal 

of Tribal Waters Via the CAP 

Governance and 
Implementation 

Tribal Water Barriers to Tribal 
Participation in Federal 
Programs 

Barriers to Tribal 
Participation in Federal 
Programs 

148 Remove Barriers On Tribal 
Programs Impacting Water 

Access to 
Management 

Governance and 
Implementation 

Tribal Water Recognition of Limits Recognition of Limits 149 All Communities 
Available Water 

Must Respect 
in System 

Limits of 

Governance and 
Implementation 

Tribal Water Stabilization of Soil Stabilization of Soil 150 Flow Augmentation by Soil Stabilization 

Governance and 
Implementation 

Tribal Water Non-Tributary 
Use 

Groundwater Non-Tributary 
Use 

Groundwater 97 Ute Indian Tribe Groundwater Use 

Governance and 
Implementation 

Tribal Water Protection Against 
allocation 

Over- Protection Against 
allocation 

Over- 84 Establishment of a “Safety Net” to Ensure 
the Ute Indian Tribe’s Reserved Water 
Rights are Protected from Over-allocation 
of the State of Utah’s Apportionment of 
Colorado River Water 

Governance and 
Implementation 

Data and 
Information 

Improved Water Use 
Accounting in the Upper 
Basin 

Improved Water Use 
Accounting in the Upper 
Basin 

94 Upper Basin Accounting 

Governance and 
Implementation 

Data and 
Information 

Colorado River Simulation 
System Modeling 
Improvements 

Colorado River Simulation 
System Modeling 
Improvements 

122 Inclusion of USGS Stream Gages in 
Colorado River Basin Supply and Demand 
Study 
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Appendix F3 — Options Characterization 
Criteria and Rating Descriptions 

1.0 Introduction 

The Plan of Study (see Study Report, Appendix 1 – Plan of Study), laid out specific objectives 

related to the development and evaluation of options evaluated in Phase 4 of the Colorado River 

Basin Study (Study).  Options proposed by the Project Team and the general public were 

characterized by the Study Team to describe each of the submitted options, provide a relative 

comparison of the option attributes, and support the eventual development of option portfolios.  

Characterization of the proposed options was based primarily on information provided by the 

option proponents; however, existing literature and/or relevant studies were reviewed to support 

the characterization process.  

Characterization of the options was based on 17 evaluation criteria that are consistent with the 

criteria outlined in the Plan of Study.  The approach to characterization included the following 

steps for each of the proposed options:   

1) Review the submission of the option for relevance and completeness of data.  In some 

cases, clarification or additional information was requested from the proponent if it was 

believed that it was required for appropriate characterization of the option.  Options that had 

limited definition or were not directly amenable to characterization through the 17 evaluation 

criteria were identified and cataloged for future consideration but are not characterized here. 

2) Validate and refine information submitted by the option proponent.  Criteria information 

submitted by the option proponent was compared with similar information in relevant case 

studies or readily available databases to confirm accuracy.  If quantitative information was 

not readily available for a criterion, the Study Team used its collective expertise and 

experience to qualitatively evaluate information provided by the option proponent.   

3) Characterize each option using a bin classification system.  Qualitative or quantitative 

values were generated for each evaluation criterion using information provided by the option 

proponent or through refinements.  A characterization summary table was developed for each 

option by assigning each criterion in the option to one of its five classification categories, or 

bins, “A” through “E”. In general, the “A” category is most favorable, whereas the “E” 

category is least favorable.  If insufficient information was available to assign a criterion to 

one of its classification bins, the associated entry in the option characterization summary 

table was left blank.   

2.0 Characterization Criteria 

Characterization of options by the public and Project Team was based on 17 criteria that 

captured important attributes for the Study.  The criteria are listed below and are described more 

fully in this appendix and in attachment A.  

1) Quantity of yield  

2) Timing  

3) Cost  
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4) Technical feasibility  

5) Implementation risks  

6) Long-term viability 

7) Operational flexibility 

8) Permitting  

9) Energy needs  

10) Energy source 

11) Other environmental factors  

12) Recreation 

13) Socioeconomics 

14) Policy Considerations  

15) Legal 

16) Hydropower 

17) Water quality  

Details about information requested from option proponents, the information confirmation 

approach, and bin classifications for each criterion are given in the following sections.  In 

general, each option was provided with a five-point rating (“A” through “E”) for each of the 

criteria. As previously stated, “A” generally represented the most favorable rating and “E” 

represented the least favorable rating for the specific criterion.   

2.1 Quantity of Yield 

The quantity of water associated with each option was a key characterization criterion.  The 

quantity of yield criterion was not limited to new water supplies, but also included the quantity 

of water saved via demand reduction measures or the quantity of water that could be used in a 

different manner after a modification in system operations.   

The option submittal form requested that the submitter roughly quantify the range of the 

potential amount of water that the option could provide annually over the next 50 years.  If 

known, the submitter was also asked to specify any important seasonal (e.g., more water could 

be available in winter) and/or frequency (e.g., more water could likely be available during above-

average hydrologic years) considerations.   

Information, analyses, and references provided by the option proponent were reviewed for 

accuracy and completeness.  The yield of the proposed option was compared with yields 

estimated in relevant case studies that were readily available.  Basic checks of fundamental 

hydrology were performed for some options to assist in refining or validating the quantity of 

yield estimates provided in the submission.  

The classification of each option for this criterion was based on the range of quantity of water 

available. After refining the quantity estimates, each option was assigned to one of five bins 

shown in the characterization matrix in attachment A.  It is important to note that some options 

(such as desalination plants) may produce the same amount of water in almost every year; 

however, other options may be dependent on hydrologic conditions and may have varying annual 

quantities.  The characterization included documentation of the assumptions behind estimating 

the “average yield” based on research of relevant case studies or as supported by available 

hydrology information. 
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2.2 Timing 

For this criterion, the essential element was the estimated first year the option could begin 

operation.  In order to arrive at the first year of operation, the timing to conduct feasibility 

studies, permitting and environmental documentation, and to implement the option were 

assessed.   

The cumulative duration of (1) feasibility, (2) permitting and environmental documentation, and 

(3) implementation phases constitutes the earliest year of operation.  In addition, if the option 

could be implemented in phases, a description of the phasing potential was developed.  

Information, analyses, and references provided by the option proponent were reviewed for 

accuracy and completeness.  The timing of the proposed option was compared with those in 

relevant case studies that were readily available.  Options that included new large-scale 

infrastructure or significant revisions in operations could take many years for planning, 

permitting, and implementation.  When reviewing relevant case studies, the time to complete 

these phases on similar projects was noted. 

In addition, the following general assumptions were used in evaluating the timing criteria: 

 There is a level of urgency that results in persistent and consistent pursuit of the option. 

 There is generally positive political alignment and political desire to pursue the project. 

 When possible, timing required for feasibility, permitting, and implementation were 

based on similar reference projects. 

 When the scale of a project was larger than “reference” projects, additional time was 

typically allotted but generally not more than 5 additional years (for some projects, this 

could be viewed as optimistic). 

 When legal or policy challenges were identified, additional time was typically allotted, 

but generally not more than 5 additional years (for some projects, this could be viewed as 

optimistic). 

The classification of each option for this criterion was based on an estimate of the total number 

of years for the feasibility, permitting and environmental documentation, and implementation 

phases.  In addition to preparing a best estimate of the first year of potential operation, each 

proposed option was assigned to one of five bins shown in the characterization matrix in 

attachment A.   

2.3 Cost 

The cost criterion included capital and annual costs expressed in terms of unit costs in dollars per 

acre-foot (af).  The cost evaluation used consistent methods and assumptions to better allow for 

comparisons of option costs.   

The option submittal form asked for cost information including capital, operations, maintenance, 

repair, replacement, and any other costs.  Information, analyses, and references provided by the 

option proponent were reviewed for accuracy and completeness.  The cost estimates provided by 

the option proponent were reviewed and refined, as necessary, to ensure consistency on cost 

estimating procedures and assumptions.  The review confirmed that capital expenditures 

included all costs associated with obtaining land, easements, rights-of-way, and permits for  
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construction and operation.  Annual costs include those necessary for the continued operation 

and maintenance (O&M) of the option.  Details of the cost evaluation methods and assumption 

are provided in attachment B. 

In addition to the assessment of the annualized cost expressed in dollars per af, each option was 

assigned to one of five bins shown in the characterization matrix in attachment A.   

2.4 Technical Feasibility 

For this criterion, the essential element was the overall technical feasibility of the option based 

on the extent to which the underlying technologies or practices have been widely and reliably 

used. 

The option submittal form asked for a description of the technical maturity of the option and 

what research and/or new technologies might be required for implementation.  Information, 

analyses, and references provided by the option proponent were reviewed for accuracy and 

completeness.  The proposed option was compared with those in relevant case studies, focusing 

on confirming the degree to which option technologies and practices have been previously used 

and proven.  If an option was based on technologies and practices that are widely available and 

previously proven, it was considered to be more technically feasible than options based on 

relatively new and unproven technologies or practices. 

The classification of each option for this criterion was based on an assessment of whether the 

type of option has been: a) regularly implemented in the United States at the proposed scale, b) 

occasionally or regularly implemented somewhere in the world at similar scale, c) regularly 

implemented at smaller scales, d) has not been implemented, but peer review articles indicate 

promise, or e) has not been implemented and no peer review articles exist or they indicate 

challenges.  The bins shown in attachment A match these categories.   

2.5 Implementation Risks 

For this criterion, risks separate and distinct from risks associated with technical feasibility, life-

cycle cost, permitting, legal and policy considerations, and ongoing system reliability were of 

particular interest.  Implementation risks identified for each proposed option were used in a 

qualitative fashion in the characterization of proposed options; however, the actual magnitude of 

individual risks was not quantified. 

The option submittal form asked for an identification and description of risk or uncertainty 

related to implementation of the proposed option.  Information, analyses, and references 

provided by the option proponent were reviewed for accuracy and completeness.  

Implementation risks associated with the proposed option were compared with similar risks in 

relevant case studies that were readily available.  Implementation risks of particular interest 

included the viability of funding mechanisms for infrastructure and facilities construction, 

competing demands for option-specific critical resources, and potential for mitigation 

requirements that may be impractical to achieve.  

For each option, the following checklist was used to assess implementation considerations.  

Based on this assessment, each proposed option will be assigned to one of five bins shown in the 

characterization matrix in attachment A. 
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Implementation Risks Checklist 

Evaluation of implementation risks is necessarily qualitative because the entities responsible for funding, 
operations, and mitigation cannot be determined at this time.  As such, the criterion will consist of a general 
assessment.   

For each checklist item the following options are available for selection: 

 Does not have this risk. 

 Has this risk. 

Checklist Item Description 

Risk of Raising Capital Either large amount of capital required or funding required from entity without 
reliable access to sufficient funds. 

Challenging Operations Integrating new supply into existing facilities is feasible, but requires possibly an 
unrealistic degree of operating flexibility or precision.   

Example: Delivering large amounts of ocean desalination water to a potable 
water system in a location that requires extreme precision in operating the 
potable water system or flexibility in terms of coordinating the use of the 
desalted water with use of other supplies. 

Challenging Mitigation 
Requirements 

Mitigation requirements anticipated to be required under the permitted phase 
results in mitigation operations that are impractical to achieve. 

Example: New water supply concept results in in-stream flow changes in a 
certain river reach and the operations require extreme precision in exchanging 
the water into a reservoir and staying within the in-stream flow requirements.  
Another example would be that changes in the flow regime to an 
environmentally sensitive area, such as the Salton Sea or the Cienega de 
Santa Clara, require extensive mitigation. 

 

2.6 Long-term Viability 

For this criterion, the anticipated reliability of the option considering its capability to meet 

proposed objectives over the long-term was of particular interest.  The option submittal form 

asked for the identification and description of any known risks to supply or demand, such as 

drought risk, water contamination risk, or risk of infrastructure failure.  The long-term viability 

rating was essentially a qualitative evaluation of the risk of the option to provide the expected 

quantity of yield benefits in the long term.  

Information, analyses, and references provided by the option proponent were reviewed for 

accuracy and completeness.  When considering long-term viability, the options were compared 

with similar projects to identify viability risks.  Of particular interest were risks related to 

ongoing operations and sustainability of a proposed option that were separate and distinct from 

risks associated with technical feasibility, construction cost, permitting, legal and policy 

considerations, and implementation.  When considering operational flexibility, the degree to 

which the option could be operated (or implemented) across a wide range of hydrologic 

conditions, by having the ability to adjust the magnitude of operations each year to meet the 

required conditions was also considered. 

Each option was assessed using the following checklist.  Based on this assessment, each 

proposed option was assigned to one of five bins shown in the characterization matrix in 

attachment A. 
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Long-term Viability Checklist 

For each checklist item the following options are available for selection: 

 Does not have this risk. 

 Has this risk. 

Checklist Item Description 

Intermittent or Uncertain 
Supply 

Supply is susceptible to factors that could make it intermittent or uncertain.  

Example: Supplies susceptible to intermittent yield are those that are 
susceptible to drought, climate change, etc.  Supplies with limited susceptibility 
are those such as conservation, reuse, ocean supplies, Mississippi River 
supplies, etc.  Uncertain supplies are those for which the magnitude of available 
supply is difficult to measure or predict.  Examples include options related to 
land management, weather modification, or vegetation management. 

Contamination Supply could be lost or cost could significantly increase if water quality changes 
due to “reasonable risk” of contamination. 

Example: Groundwater storage project mobilizes arsenic or other mineral that is 
regulated. 

Infrastructure Failure Supply depends on infrastructure that is vulnerable to natural disaster or non-
natural disaster. 

Example: Offshore ocean desalter that is destroyed by an earthquake and 
resultant tsunami. 

O&M Cost Escalation Supply depends on operations that are at some risk to cost inflation. 

Example: Options that are power-dependent are at risk of power cost inflation.  
Other O&M risks could be labor-intensive, etc. 

Unintended Consequences 
or Behaviors 

Supply increase or demand reduction depends on predictability of community 
behavior or acceptance. 

Example:  Imposition of odd/even day watering restrictions may lead to 
increased water use because “scarcity” perceptions drive greater water use on 
prescribed days. 

2.7 Operational Flexibility 

The operational flexibility of each option was also characterized based on the ability of the 

option to be idled from year to year.  This criterion hints at the flexibility for an option to be used 

in short-term deficit conditions, but scaled back during subsequent wetter conditions with limited 

financial impacts.  The specific characterization bins are shown in the matrix in attachment A.  

2.8 Permitting 

This criterion provides information related to the permits (number and type) that may be required 

to implement the particular option.  The overall list of potentially required permits was the 

important item of information. In particular, a requirement to complete an Environmental Impact 

Statement (EIS) prior to implementation was important.  Permitting considerations were used in 

a qualitative manner to characterize an option. 

The option submittal form asked for a list of the permits required for implementation of the 

option and status of the permitting process if implementation has been initiated.  Information, 

analyses, and references provided by the option proponent were reviewed for accuracy and 

completeness.  In particular, review of similar case studies demonstrated a comprehensive list of 

permitting requirements for a given option.   
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For each option, the following checklist was used to assess permitting challenges.  Based on this 

assessment, each proposed option was assigned to one of five bins shown in the characterization 

matrix in attachment A. 

 

Permitting Items Checklist 

For each checklist item, the following assessment will be performed: 

 Not required or not applicable. 

 Required, but precedent shows similar options have received permit. 

 Required, but no precedent exists and permit likelihood is unknown. 

 Required and precedent shows significant permit challenges. 

Check List Item Description 

NPDES National Pollution Discharge Elimination System 

CWA 404 Clean Water Act, Section 404 Wetlands Permits 

CWA 401 Clean Water Act, Section 401 Water Quality Permits 

Coastal Commission California Coastal Commission Permits 

Land Use Permits For facilities located in or passing through federal, county, state, local 
jurisdictions. 

Special Use Permits In public lands or using public facilities (Bureau of Land Management, U.S. 
National Forest Service, etc.) 

Fish & Wildlife Federal or state permits 

FERC Federal Energy Regulatory Commission 

IBWC 1944 Treaty with United Mexican States (Mexico) and subsequent minutes 

Other Permits Required international, federal, state, or local permits  

 

2.9 Energy Needs 

For this criterion, the required additional energy to convey, treat, and deliver new supplies was of 

particular interest.  These additional energy requirements were separate and distinct from energy 

generated at hydroelectric facilities that might exist at other locations.   

The option submittal form asked for the estimated amount of energy (kilowatt hours [kWh]/af) 

required to convey, treat, and deliver the additional yield provided by the proposed option to the 

proposed locations at a specified water quality.  Information, analyses, and references provided 

by the option proponent were reviewed for accuracy and completeness.  The energy required 

(kWh/af) to operate the option was estimated using data provided by the option proponent or 

other readily available information from relevant case studies.  Raw water quality and target 

finished water quality, as well as distance and elevation difference between supply origination 

and delivery location(s), were used to estimate the required energy (kWh/af) for pumping and 

treatment.  Other basic engineering estimates were made for non-traditional water supply 

options. 

For each proposed option, the required energy needs were estimated.  Each proposed option was 

assigned to one of five bins shown in the characterization matrix in attachment A based on this 

assessment. 
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2.10  Energy Source 

For this criterion, the source of any new required energy was of particular interest.  Energy 

sources ranging from renewable sources (wind, solar, geothermal, hydropower) to nuclear, 

natural gas, diesel, and coal were assessed. 

The option submittal form requested that the anticipated source(s) of any new required energy be 

identified, when applicable.  Information, analyses, and references provided by the option 

proponent were reviewed based on known potential for energy sources available to the option.  

In some cases, the energy targeted for the option was reflective of a mix of sources (i.e., Western 

Area Power Administration grid).  In those circumstances, the dominant energy source was 

identified or simply indicated as “grid” energy sources.  

For each option, an assessment was made regarding whether the option: a) requires no new 

energy, b) uses renewable energy as the primary source of energy, c) uses natural gas or a mix of 

sources from the “grid” as the primary source of energy, d) uses diesel fuel as the primary source 

of energy, or e) uses coal as the primary source of energy.  The bins shown in the 

characterization matrix in attachment A match these categories. 

2.11 Other Environmental Considerations 

For this criterion, ecosystems that might be affected by the proposed option such as aquatic, 

wetland, and riparian habitats were of particular interest.  The assessment was qualitative and did 

not replace the detailed Colorado River Simulation System (CRSS) modeling of Colorado River 

ecological resources metrics. 

The option submittal form requested a description of any potential positive or negative impacts 

on ecosystems within or outside the Basin associated with the proposed option.  Information, 

analyses, and references provided by the option proponent were reviewed for accuracy and 

completeness.  Relevant environmental assessment/EIS reports also were reviewed and past 

findings of ecosystem impacts associated with concepts similar to those described in the 

proposed option were noted. 

For each option, the following checklist was used to guide the assessment of potential 

environmental impacts.  Based on this assessment, each proposed option was assigned to one of 

five bins shown in the characterization matrix in attachment A. 
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Environmental Items Checklist 

For each checklist item, the following options are available for selection: 

 Significantly positive. 

 Moderately positive. 

 No significant change. 

 Moderately negative. 

 Significantly negative. 

Check List Item Description 

Air Quality Positive or negative impacts to dust or any other applicable air quality standard.  
An example would be the extent to which energy needs for an option are being 
met by renewable energy sources such as wind or solar compared to coal-fired 
power plants that produce emissions. 

Listed Species Positive or negative impacts, either directly or through habitat modification, on 
species listed as threatened or endangered. 

Non-listed Species Positive or negative impacts, either directly or through habitat modification, on 
non-listed species. 

Riparian Habitat Positive or negative impacts on riparian habitat or other sensitive natural 
community. 

Wetlands Positive or negative impacts on federally protected wetlands (including but not 
limited to marsh, vernal pool, coastal, etc.) 

Cultural Positive or negative impacts on historical resources, archaeological sites, 
paleontological sites, or unique geologic features. 

Noise Positive or negative impacts on ambient noise levels. 

 

2.12 Recreation 

For this criterion, potential impacts to recreational activities throughout the Basin were of 

interest.  The assessment was qualitative and did not replace the detailed CRSS modeling of 

Colorado River recreation metrics. 

The option submittal form asked for the identification of any positive or negative effects on 

recreation.  Information, analyses, and references provided by the option proponent were 

reviewed for accuracy and completeness.  Impacts of estimated changes in flow of the proposed 

option on recreational activities were compared with those estimated in relevant case studies that 

were readily available.  

For each option, the following checklist was used to assess potential recreation impacts.  Based 

on this assessment, each proposed option was assigned to one of five bins shown in the 

characterization matrix in attachment A. 
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Recreation Items Checklist 

For each checklist item, the following options are available for selection: 

 Significantly positive. 

 Moderately positive. 

 No significant change. 

 Moderately negative. 

 Significantly negative. 

Check List Item Description 

Upper Basin  
Recreation Access 

Adverse effects to any designated or proposed wild or scenic rivers, trails, 
wilderness areas, or other recreational areas. 

Upper Basin  
Lake Levels 

Consider the extent to which lake levels decline to levels that adversely affect 
recreation by reducing usability of boat ramps or impairing access to desirable 
boating or fishing areas. 

Upper Basin  
Boating Flows 

Consider extent to which flows in streams used for boating are reduced and the 
magnitude of impact of the reduced flow on the value of boating in affected 
reaches. 

Upper Basin 
Visual Impacts 

Alteration of any scenic vista or creation of an aesthetically offensive site or 
effect that is open to public view. 

Lower Basin  
Recreation Access 

Adverse effects to any designated or proposed wild or scenic rivers, trails, 
wilderness areas, or other recreational areas. 

Lower Basin  
Lake Levels 

Consider the extent to which lake levels decline to levels that adversely affect 
recreation by reducing usability of boat ramps or impairing access to desirable 
boating or fishing areas. 

Lower Basin  
Boating Flows 

Consider extent to which flows in streams used for boating are reduced and the 
magnitude of impact of the reduced flow on the value of boating in affected 
reaches. 

Lower Basin 
Visual Impacts 

Alteration of any scenic vista or creation of an aesthetically offensive site or 
effect that is open to public view 

 

2.13 Socioeconomics 

For this criterion, consideration of potential impacts to the socioeconomic conditions of regions 

within or outside the Basin due to implementation of the option was of particular interest.  

The option submittal form asked for a description of any anticipated positive or negative 

socioeconomic effects.  Information, analyses, and references provided by the option proponent 

were reviewed for accuracy and completeness.  Changes in demographic use of water and 

location of water use associated with the proposed option were qualitatively estimated.  Specific 

public, private, commercial, industrial, and agricultural sectors affected by demographic changes 

in water use were of particular interest.   

For each option, the following checklist was used to assess potential socioeconomic impacts.  

Based on this assessment, each proposed option was assigned to one of five bins shown in the 

characterization matrix in attachment A.  
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Socioeconomic Items Checklist 

For each checklist item, the following options are available for selection: 

 Significantly positive. 

 Moderately positive. 

 No significant change. 

 Moderately negative. 

 Significantly negative. 

Check List Item Description 

Employment Positive or negative impacts on construction-related employment, locational 

shift of businesses, employment for O&M, or other employment impacts. 

Public Fiscal Cost Positive or negative impacts on capital costs, O&M costs, revenue from 

charges and fees, or regulatory costs.  

Private Cost Positive or negative impacts on homeowner user charges, property taxes, 

special assessments, real estate values, or costs to businesses or industries. 

 

2.14 Policy Considerations 

For this criterion, potential changes to existing federal, state, or local policies that concern water 

resources management or water use in order to implement the option were of interest.  These 

policies might be promulgated by individual government agencies, inter-governmental groups, 

non-governmental organizations, or utility boards.  Policies related to water resource 

management and water use promulgated by government agencies are often codified in laws, 

statutes, or ordinances.  As considered here, water policies are separate and distinct from legal 

issues related to water rights, inter-Basin transfers, and international treaties.  Policy 

considerations identified for each proposed option were used in a qualitative fashion in 

characterization of proposed options. 

The option submittal form asked for the identification and description of changes in federal, 

state, or local policies that may be required for implementation of the proposed option.  

Information, analyses, and references provided by the option proponent were reviewed for 

accuracy and completeness.  The Study Team also referred to information from readily available 

and relevant case studies to evaluate the policy implications of a proposed option.  Water policies 

related to water conservation, land development, or energy exploration were of particular 

interest. 

For each option, the following checklist was used to assess policy considerations.  Based on this 

assessment, each proposed option was assigned to one of five bins shown in the characterization 

matrix in attachment A. 
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Policy Items Checklist 

The following checklist is a means to explore whether the affected jurisdictions have the policies enumerated 
in the list in place.  The list is both prospective, such that enumerated policies may need to be enacted, and 
reactive, leading to a search as to whether such policies are in place.  The policies are to be explored at all 
levels (federal, state, and local). 

For each checklist item, the following options are available for selection: 

 Consistent with current policy or not applicable. 

 Requires changes, but precedent shows proposed changes can be publically acceptable. 

 Requires changes, but no precedent exists and acceptability is unknown. 

 Required changes and precedent shows significant public acceptance challenges. 

Checklist Item Description 

Growth management 
policies 

Policies are implemented that limit residential, commercial, industrial, or 
infrastructure growth due to limited water availability or other constraints. 

Urban land use policies Land use policies are implemented that mandate higher-density lots or limit less 
water-intensive land uses such as golf courses. 

Urban water use policies Policies are implemented that mandate water efficiencies possibly with 
maximum gallons per capita mandates. 

Public lands policies Policies are adopted that change land use (and water use) on public lands as 
implemented by entities such as the Bureau of Land Management, U.S. 
National Park Service, or U.S. Forest Service. 

Forest management 
policies 

Policies are adopted that allow the thinning of natural vegetation to reduce 
evapotranspiration.  

Energy resources 
development policies 

Policies are implemented that favor domestic development of energy sources 
and consequently favor water use required to develop those energies, but 
mandates are also passed that make sure water is used as efficiently as 
possible. 

Agricultural policies Policies are adopted that change the amount of water allowed to be used for 
agriculture in arid regions or limit the type of crops that can be grown in arid 
regions. 

Reservoir operation 
policies 

Policies are adopted that change the current operating standards for reservoirs 
in the Basin, possibly changing how releases are made to favor environmental 
or recreational flows and with a possible impact to desired hydropower 
operations or divertible water quantities. 

Recreation policies Policies are adopted that set target recreational flows or force minimum water 
levels in reservoirs that change the current operating band or release schedules 
from reservoirs. 

Transportation policies Policies are adopted that change the location and types of transportation 
infrastructure.  An example would be a denser road network in forested areas to 
allow more harvesting, thereby reducing forest density. 

Fish and wildlife policies Policies are adopted that change the current operating standards for the rivers 
or reservoirs in the Basin, possibly changing how releases are made to favor 
environmental flows, with a possible impact to desired hydropower operations 
or divertible water quantities. 

 

2.15 Legal   

For this criterion, the various legal constraints and associated legal instruments and measures 

required for implementation of an option were of particular interest.  The legal criterion focused 

on potential legal hurdles that would need to be addressed to implement each option. 
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The option submittal form asked for the identification and description of all required legal 

considerations or agreements or other legal processes required for implementation of the option.  

Information, analyses, and references provided by the option proponent were reviewed for 

accuracy and completeness.  Particular emphasis was placed on review of legal requirements for 

implementation of similar options and review of the requirements of the Law of the River.  

Options that would involve interstate or international implementation of options, transfers of the 

rights to use water, or any other inter-jurisdictional cooperation would have documented special 

legal needs. 

For each option, the following checklist was used to assess legal challenges.  Based on this 

assessment, each proposed option was assigned to one of five bins shown in the characterization 

matrix in attachment A. 

 
Legal Risks Checklist 

For each checklist item, the following options are available for selection: 

 Consistent with current legal framework or item not applicable. 

 Local or federal laws may require changes, but precedent shows that item can be addressed 

 Legal action is required, no precedent exists, and timeframe or likelihood of success is unknown. 

 Legal action is required and precedent shows that the legal challenges may not be overcome. 

Checklist Item Description 

Law of the River
1
 Requires potential change in laws, policies, or regulations associated with the 

Law of the River.  This particularly applies when variation in state water 
allocations are needed or when existing provisions of the Law of the River will 
not be met. 

Water Rights Changes Requires transfers or leasing of water rights or changes in the conditions 
associated with water rights.  Examples of the conditions associated with the 
water rights include consumptive use limitations or constraints on place of use, 
point of diversion, or type of use.  

Inter-Jurisdictional 
Agreements 

Requires agreements among two or more jurisdictions.  These jurisdictions may 
be federal agencies, state agencies, counties, municipalities, local water 
agencies, irrigation districts, industries, energy utilities, special interest groups, 
or federally recognized tribes.   

New or Revised Legislation Requires new legislation or revisions to existing legislation at either the state or 
federal level.  This applies to legislation that is not already commonly 
considered to be part of the Law of the River.  Examples would be legislation 
related to land use, forest management, farm programs, and water quality 
permitting. 

International  Agreements New agreements are required between the United States and Mexico or 
between agencies or utilities in both countries.  An example would be the 
various agreements required to implement ocean desalting in Mexico and allow 
credits for Colorado River system water to be shared upstream.  By implication, 
new minutes to the present international treaty may be required. 

1
 Law of the River includes but is not limited to the following: 

 Colorado River Compact, 1922 

 Boulder Canyon Project Act, 1928 

 California Seven Party Agreement, 1931 

 Water Treaty With Mexico, 1944 

 Upper Colorado River Basin Compact, 1948 

 Colorado River Storage Project Act, 1956 

 Arizona v. California Supreme Court Decree, 1964 

 Colorado River Basin Project Act of 1968 

 Criteria for the Coordinated Long Range Operation of Colorado River Reservoirs, 1970 

 Minute 242 of Water Treaty With Mexico, 1973 



Colorado River Basin  
Water Supply and Demand Study 
 
 

F3-14 December 2012 

 Colorado River Basin Salinity Control Act, 1974 

 Grand Canyon Protection Act, 1992 

 Colorado River Interim Surplus Guidelines, 2001 

 Colorado River Water Delivery Agreement, Federal Quantification Settlement Agreement, 2003 

 Arizona v. California Supreme Court Consolidated Decree,  2006 

 Record of Decision for Colorado River Interim Guidelines for Lower Basin Shortages and the Coordinated 
Operations for Lake Powell and Lake Mead, 2007 

 43 Code of Federal Regulations 414 Offstream Storage of Colorado River Water in the Lower Division 
States 

 43 Code of Federal Regulations 417 Lower Basin Water Conservation Measures 

 

2.16 Hydropower 

For the hydropower criterion, identifying potential increases or decreases in hydroelectric energy 

generation was of particular interest.  The assessment was qualitative and does not replace the 

detailed CRSS modeling of Colorado River hydropower effects.   

The option submittal form asked for estimates of anticipated increases or decreases in 

hydroelectric energy generation.  Information, analyses, and references provided by the option 

proponent were reviewed for accuracy and completeness.  The potential impact on hydroelectric 

power generation was considered, using the submitted quantity, location, and timing information.  

The qualitative assessment considered whether new hydropower resources were included in the 

option and whether, and to what extent, implementation of the option may affect existing 

hydropower resources.  

For each proposed option, it was estimated whether the option may have: a) significantly positive 

impacts, b) moderately positive impacts, c) no impacts or impacts expected to be “neutral”, d) 

moderately negative impacts, or e) significantly negative impacts.  The bins shown on the 

characterization matrix in attachment A match these categories. 

2.17 Water Quality 

For this criterion, changes in water quality brought about by implementation of the option were 

of particular interest.  The assessment was qualitative and did not replace the detailed CRSS 

modeling of Colorado River water quality metrics. 

The option submittal form asked for identification of key water quality implications (salinity and 

other constituents) associated with implementation of the option in all of the locations that the 

option might affect.  Information, analyses, and references provided by the option proponent 

were reviewed for accuracy and completeness.  Depending on the option and data availability, 

the water quality data provided by the option proponent were compared to data readily available 

from U.S. Geological Survey (USGS) and U.S. Environmental Protection Agency databases. 

For each option, the following checklist was used to assess potential water quality impacts.  

Based on this assessment, each proposed option was assigned to one of five bins shown in the 

characterization matrix in attachment A. 
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Water Quality Impact Items Checklist 

This checklist relates only to whether the option relates to improvement or decline for the listed items.  The 
extent to which specified water quality standards are being met or violated is covered separately as part of the 
evaluation of metrics. 

For each checklist item, the following options are available for selection: 

 Significantly positive. 

 Moderately positive. 

 No significant change. 

 Moderately negative. 

 Significantly negative. 

Checklist Item Description 

Salinity The salinity of water added to the system or returned to the system should be 
compared to present levels to determine whether the option improves or 
degrades salinity concentrations.  Present system criteria will be based on the 
closest USGS monitoring station with total dissolved solids salinity data. 

Sediment Consider the potential impact the option would have on sediment transport 
through the system.  Options that maintain “flushing flows” are the ones that will 
best maintain sediment transport.  Also consider how conversion of land uses 
can affect sediment loadings. 

Temperature Consider whether option may increase or reduce temperature of receiving 
waters.  An example would be conversion of electrical energy-generating 
facilities from either once-through or recycled evaporative cooling to non-
evaporative cooling with no thermal discharges to receiving waters.  Another 
example is changes in reservoir release policies. 

Dissolved Oxygen Consider if option increases or decreases the amount of oxygen-depleting 
substances (biochemical oxygen demand and chemical oxygen demand) 
discharged to Basin receiving waters. 

Nutrients Consider if the option would change the overall nutrient balances being 
discharged to Basin receiving waters.  Primary nutrients of concern are nitrogen 
and phosphorus. 

Algae Consider whether the changes in nutrient discharges are likely to increase or 
decrease algal production in areas of concern.  For example, any increase of 
nutrient levels in Lake Mead increases the likelihood of production of algal 
blooms that may adversely affect drinking water in Las Vegas and the 
ecosystem. 

Metals Consider if the option changes the total loadings of metals discharged to the 
system. 

Perchlorate Consider if the option introduces perchlorate to the system. 

Emerging Contaminants Consider if the option will change the concentration or presence of potential 
emerging contaminants, such as endocrine-disrupting compounds.  An example 
would be increased recycling of conventionally treated municipal wastewater 
effluent to groundwater or reservoirs that serve as sources of potable water 
supply. 
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Attachment A — Detailed Options Characterization Criteria 
and Ratings 

ATTACHMENT A 

Detailed Option Characterization Criteria and Ratings  

No. Criteria Criteria Measurement 

 Option Characterization Rating Criteria 

A B C D E 

1 Quantity of Yield Average af per year  > 500 > 350 > 250 > 100 < 100 

2 Timing Years before option 
could begin operation 

< 5 < 10 < 20 < 30 > 30 

3 Cost Annual dollars per af,  
Present Worth 

< 500 < 1000 < 2000 < 3000 > 3000 

4 Technical Feasibility 5-pt qualitative scale Regularly 
implemented in U.S. 
at scale proposed 

Occasionally 
implemented 
somewhere in the 
world at similar 
scale 

Regularly 
implemented but at 
smaller scales 

Occasionally 
implemented 
somewhere in the 
world or has not 
been done, but peer 
review articles 
indicate promise  

Has not been done 
and no peer review 
articles exist or they 
indicate challenges 

5 Implementation Risks 5-pt qualitative scale No major 
implementation risks 

Some 
implementation 
risks, but risks can 
be managed 

Multiple 
implementation 
risks, but may be 
managed 

Multiple 
implementation 
risks, ability to 
manage risks is 
unknown 

Multiple 
implementation risks 
and ability to 
manage risks is low 

6 Long-term Viability 5-pt qualitative scale No major risks Some viability risks Multiple, but limited 
risks 

Multiple, moderate 
risks 

Multiple, significant 
risks 

7 Operational Flexibility 5-pt qualitative scale Option can be 
operated/idled in 
any year with no 
financial implications 

Option can be 
operated/idled in 
any year with limited 
financial implications 

Option can be 
operated/idled in 
any year with 
moderate financial 
implications 

Option can be 
operated/idled in 
any year with 
significant financial 
implications 

Option does not 
have the flexibility to 
be operated or idled 
from year to year 
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ATTACHMENT A 

Detailed Option Characterization Criteria and Ratings  

No. Criteria Criteria Measurement 

 Option Characterization Rating Criteria 

A B C D E 

8 Permitting 5-pt qualitative scale Does not require an 
EIS or other major 
permits 

Requires an EIS or 
other major permits, 
but similar projects 
of this scale have 
been approved in 
the past 20 years 

Requires an EIS or 
other major permits, 
but similar projects 
of smaller scale 
have been approved 
in the past 20 years 

Requires an EIS and 
no precedent exists 
for the option. 

Requires an EIS and 
similar options have 
been declined 
during the permit 
process 

9 Energy Needs kWh/af Requires no energy, 
or results in net 
positive generation 

< 1000 < 3000 < 5000 > 5000 

10 Energy Source 5-pt qualitative scale No new energy 
required 

Renewable energy 
sources are 
primarily used 

Natural gas or "grid" 
is primary source of 
energy 

Diesel fuel is 
primary source of 
energy 

Coal is primary 
source of energy 

11 Other Environmental 
Factors 

5-pt qualitative scale Significantly positive  
impacts are likely to 
exist, and negative  
impacts are not 
readily apparent 

Moderately positive  
impacts are 
anticipated at some 
locations while other 
locations may or 
may not have 
negative impacts of 
a lesser degree 

Option does not 
have an impact or 
impacts are 
expected to be 
neutral 

Moderately negative  
impacts are 
anticipated at some 
locations while other 
locations may or 
may not have 
positive impacts of a 
lesser degree 

Significant negative  
impacts are likely to 
exist, and positive  
impacts are not 
readily apparent 

12 Recreation 5-pt qualitative scale Significantly positive  
impacts are likely to 
exist, and negative  
impacts are not 
readily apparent 

Moderately positive  
impacts are 
anticipated at some 
locations while other 
locations may or 
may not have 
negative impacts of 
a lesser degree 

Option does not 
have an impact or 
impacts are 
expected to be 
neutral 

Moderately negative  
impacts are 
anticipated at some 
locations while other 
locations may or 
may not have 
positive impacts of a 
lesser degree 

Significant negative  
impacts are likely to 
exist, and positive  
impacts are not 
readily apparent 

13 Socioeconomics 5-pt qualitative scale Significantly positive  
impacts are likely to 
exist, and negative  
impacts are not 
readily apparent 

Moderately positive  
impacts are 
anticipated at some 
locations while other 
locations may or 
may not have 
negative impacts of 
a lesser degree 

Option does not 
have an impact or 
impacts are 
expected to be 
neutral 

Moderately negative  
impacts are 
anticipated at some 
locations while other 
locations may or 
may not have 
positive impacts of a 
lesser degree 

Significant negative 
impacts are likely to 
exist, and positive 
impacts are not 
readily apparent 
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ATTACHMENT A 

Detailed Option Characterization Criteria and Ratings  

No. Criteria Criteria Measurement 

 Option Characterization Rating Criteria 

A B C D E 

14 Policy Considerations 5-pt qualitative scale Consistent with 
current local and 
federal policies 

Local policies may 
require changes, but 
precedent shows 
can be publicly 
acceptable 

Changes to federal 
or interstate policy is 
required but 
precedent shows 
public acceptance is 
likely 

Changes to local or 
federal policy is 
required, and public 
acceptance is 
unknown 

Changes to local or 
federal policy is 
required, and public 
acceptance is 
unlikely 

15 Legal 5-pt qualitative scale Consistent with 
current legal 
framework 

Local laws may 
require changes, but 
consistent with 
current federal legal 
framework 

Federal or interstate 
legal action is 
required but 
precedent shows 
item can be 
addressed 

 Federal legal action 
is required, no 
precedent exists, 
and timeframe or 
likelihood of success 
is unknown 

Federal legal action 
is required and 
precedent shows 
that the legal 
challenges may not 
be overcome 

16 Hydropower 5-pt qualitative scale Significantly positive  
impacts are likely to 
exist, and negative  
impacts are not 
readily apparent 

Moderately positive  
impacts are 
anticipated at some 
locations while other 
locations may or 
may not have 
negative impacts of 
a lesser degree 

Option does not 
have an impact or 
impacts are 
expected to be 
neutral 

Moderately negative  
impacts are 
anticipated at some 
locations while other 
locations may or 
may not have 
positive impacts of a 
lesser degree 

Significant negative  
impacts are likely to 
exist, and positive  
impacts are not 
readily apparent 

17 Water Quality 5-pt qualitative scale Significantly positive  
impacts are likely to 
exist, and negative  
impacts are not 
readily apparent 

Moderately positive  
impacts are 
anticipated at some 
locations while other 
locations may or 
may not have 
negative impacts of 
a lesser degree 

Option does not 
have an impact or 
impacts are 
expected to be 
neutral 

Moderately negative  
impacts are 
anticipated at some 
locations while other 
locations may or 
may not have 
positive impacts of a 
lesser degree 

Significant negative  
impacts are likely to 
exist, and positive  
impacts are not 
readily apparent. 
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Attachment B — Methods Used for 
Performing Unit Cost Calculations 

As part of the option characterization process, all submitted options were characterized using 17 

evaluation criteria that were developed by the Options and Strategies work group.  The relative 

cost of an option (expressed in unit annual cost of dollars per acre-feet) was one of the 

characterization items.  This unit cost was calculated by taking the present worth of all option 

costs over the study period and dividing by the annual yield of the option.  More details on the 

methods used for this calculation are described below.  

Guidelines for evaluating the feasibility of water resources projects are provided in Economic 

and Environmental Principles and Guidelines for Water and Related Land Resources 

Implementation Studies (U.S. Water Resources Council, 1983).  The following points summarize 

the key guidelines applicable to cost analyses: 

1. Monetary values are to be expressed in average annual equivalents by appropriate 

discounting and annualizing techniques using the applicable discount rates.  (section 1.7.1) 

2. Monetary analyses shall consider the following (section 2.1.2): 

a) Installation period – the number of years required for installation of the option. 

b) Installation expenditures – the dollar expenses expected to be incurred during installation. 

c) Period of analysis – Use the same period of analysis for all alternative plans.  The period 

of analysis is the lesser of the period of time over which any alternative plan would have 

significant beneficial effects or 100 years. 

d) Benefit stream – the pattern of expected benefits (in this case focusing on water yield) 

over the period of analysis. 

e) Operation, maintenance, and replacement (OM&R) costs – the expected costs over the 

period of analysis for OM&R activities. 

f) Discount rate – the rate established annually for use in evaluating federal water projects. 

3. Discount any deferred installation costs and OM&R costs to the beginning of the period of 

analysis using the applicable project discount rate. 

4. Guidance on the “appropriate discounting and annualizing techniques” is provided in 

Circular No. A-94 Guidelines and Discount Rates for Benefit-Cost Analysis of Federal 

Programs (Office of Management and Budget, 1992).  

5. The prescribed discount rate to be used on federal water projects is provided via the Treasury 

Annual Interest Rate Certification, table 5 – Bureau of Reclamation.  For 2011, the 

prescribed discount rate for federal water projects stood at 4.125 percent. 

Period of Analysis and Useful Life Duration 

The Study period is from 2012 through 2060, and all the financial analyses will also be 

performed over that period.  However, some options may require significant time to implement, 

and the useful life of some facilities may not be over by 2060.  Therefore, the estimated 
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remaining depreciated value of the facilities will be included in the present-worth cost 

calculations when appropriate.  For the Study, straight-line depreciation will be assumed and the 

useful life of key facilities will be assumed as follows: 

 

Useful Life of Installed Facilities
1 

Facility 
Useful Life 

(years) 

Plant Facilities 45 

Evaporation Ponds 45 

Pump Stations/Hydropower 45 

Pipelines and Tunnels 60 

Diversion Structures 60 

Dams 75 

Land 100 

All other facilities / investments 45 

1 
Major overhaul and replacement costs for certain facility 

components such as pumps, valves, and electrical switchgear, 
are included in annual OM&R costs. 
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Attachment C — Characterization Results 

Detailed characterization results for the representative options are presented in a Tableau 

workbook. Tableau is MicroSoft® Windows® software that facilitates data exploration and 

visualization.  A free “reader” program is required in order to view the information. The reader 

program is available at http://www.tableausoftware.com/products/reader.     

The workbook with the characterization results is available on the compact disc that 

accompanies this report and on the Study website at 
http://www.usbr.gov/lc/region/programs/crbstudy.html.  

The workbook consists of two sheets, 1) showing numeric results, where applicable (yield, 

timing, and annualized unit cost) and 2) showing the ratings (“A” through “E”) for each of the 

option characterization criteria.  For the numeric results tab, option categories can be selected or 

removed by clicking their check box.  For the letter ratings, option categories and criteria can be 

selected or removed by clicking their check box.  The technical report and appendices include 

information on the rating criteria and rating process.  Assumptions associated with individual 

ratings can be seen by either placing the mouse over that rating and hovering or by clicking on 

the individual rating.  

http://www.tableausoftware.com/products/reader
http://www.usbr.gov/lc/region/programs/crbstudy.html


 



Appendix F4 
Option Characterization – Importation 

 

 





 

December 2012 F4-1 

Appendix F4 — Option Characterization – 
Importation 

1.0 Introduction 
River and other out-of-basin freshwater imports have been proposed to increase the overall water 
supply of the Colorado River Basin (Basin).  Fourteen options related to river or other freshwater 
imports were submitted for consideration in the Colorado River Basin Water Supply and 
Demand Study (Study) and are available electronically on the compact disc  accompanying this 
report and on the Bureau of Reclamation’s (Reclamation) Study website at 
http://www.usbr.gov/lc/region/programs/crbstudy.html. 

The submitted options were reviewed and organized into groups according to the location at 
which the imported water would augment the Colorado River or provide exchange water for 
regions reliant on Colorado River supplies.  The submitted options were reviewed and organized 
into three groups according to the source of imported water: 

• Imports to the Colorado Front Range 
• Imports to the Green River 
• Imports to Southern California 
The general location of these options are shown in figure F4-1, with the arrow indicating the 
flow of imported water and the red square indicating the points of reduced Colorado River 
diversion.  Representative options were developed for each option group to represent the distinct 
nature of the options.    

http://www.usbr.gov/lc/region/programs/crbstudy.html
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FIGURE F4-1 
Generalized Locations of Imports 

 

This appendix summarizes the types of options received, the assumptions made, and methods 
used to characterize the options, and the characterization results.  A detailed description of the 
characterization criteria, approach, and rating guidance is provided in the appendix F3.  

2.0 Imports to the Front Range 
This group of options includes importing water from the Missouri River or Mississippi River to 
areas adjacent to the Basin that could use this water to meet projected shortfalls and/or reduce the 
amount of water these areas divert from the Basin.  All of the Import to Front Range options 
involve large-scale diversion facilities (at least 800 cubic feet per second intake and diversion 
facilities), more than 700 miles of conveyance infrastructure spanning at least two states, and 
more than 700 megawatts (MW) of power for pumping.  Water would be conveyed to the Front 
Range of Colorado and to specific areas of New Mexico and integrated into existing water 
supply systems.  Although these options are termed “imports,” water would not actually be 
imported into the Basin.  Rather, water would be delivered to system reservoirs serving these 
adjacent areas to reduce the amount of water exported from the upper Colorado and San Juan 
rivers. 
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Two representative options were developed from this group of options to reflect the differences 
in potential location of diversion, conveyance infrastructure needs, and associated impacts.  The 
representative options are: 

• Missouri River Imports 
• Mississippi River Imports 

 
Imports to the Front Range will reduce additional demand for Colorado River water beyond 
current transbasin facility yields, presumably eliminating or reducing the development of new 
transbasin facilities. 

2.1 Missouri River Imports 
Yield for the Missouri River concept was limited by the realistic hydraulic capacity of a single 
large-diameter pipeline.  Specifically, limiting the pipe diameter to 144 inches and maintaining 
flow rates so that friction loss is less than 1 foot per thousand feet of pipe length results in a yield 
of about 600,000 acre-feet per year (afy).  Because the available diversion from the Missouri 
River is not envisioned to be supply-limited to 600,000 afy, multiple parallel pipes could 
increase the quantity of yield of this option.   
The Missouri River option is a very large-scale infrastructure project, requiring more than 
700 miles of conveyance infrastructure crossing two states and more than 700 MW of power for 
pumping.  Although the conveyance distance is longer than similar historical projects (Central 
Arizona Project, Colorado River Aqueduct, California State Water Project), it does use the type 
of infrastructure that has proven to be highly reliable.  Therefore, confirming technical feasibility 
should not take more than 5 years.  However, the permitting phase will require multi-state 
negotiations, possible permits for new power plants, and an Environmental Impact Statement as 
required by the National Environmental Policy Act.  Even if the permit process were pursued 
with urgency and with political support, the process is expected to take up to 15 years.  Once 
permitted, numerous design and construction crews could be mobilized to simultaneously 
construct several segments of the project.  Therefore, it is possible to construct large-scale water 
transmission projects of this size in approximately 10 years.  In summary, the following 
timeframe is estimated: feasibility is 5 years, permitting is 15 years, and implementation is 
estimated at 10 years, totaling 30 years.   

To estimate the cost, topographic and aerial mapping was used to select a rough alignment for 
the proposed conveyance corridor.  The pumping needs were estimated based on evaluating 
topographic relief and maintaining industry-standard pressures.  Once the size of the pipeline and 
number and size of the pumping stations were determined, cost database information was used to 
estimate the total capital costs.  The database estimates include adjustments to estimated costs by 
considering the proposed location of the project and the scale of the project.  As such, both 
location and economies of scale were considered in the capital cost estimates. Total capital costs 
were estimated to be approximately $8.6 billion. Annual costs include electricity costs for 12,000 
kilowatt hours per acre-feet (af), maintenance, repair, and replacement costs.  Electricity costs 
assume that a project of this size would get favorable electricity rates due to the large and 
consistent energy demand.  Specifically, a cost of $0.07 per kilowatt hour was assumed to cover 
all aspects of the energy rate.  This cost is consistent with current electricity costs in the corridor 
(Black Hills Energy, 2012).  The annual costs for maintenance, repair, and replacement are based 
on a percentage of the capital costs from a compiled database of information of historical costs 
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for these items on similar facilities.  Considering all of the above, an estimated unit annual cost 
of $1,700 per af was estimated. 

In addition to yield, timing, and cost, the Missouri River importation concept was characterized 
against several other criteria.  This importation option was estimated to have very high energy 
needs and high potential for permitting, legal, and policy challenges because of the project’s size, 
geographic extent, and concerns related to potential impacts in the source watersheds.  The 
resulting ratings for these criteria are low.  The Missouri River option would have high debt 
service costs because it is a capital-intensive project.  Therefore, the option did not score well 
against the operational flexibility criteria because the high cost of debt would still be incurred if 
the project is put into an idle mode.  Imports from the Missouri River would alleviate or reduce 
the need to develop additional infrastructure to divert additional water beyond current 
infrastructure yields from the Colorado River headwaters.  Compared to increased Colorado 
headwater diversions, this options may improve Colorado River Basin hydropower, water 
quality, recreation, and may improve some in-basin environmental conditions.  However, it is 
worth noting that it is possible that the option could introduce some adverse impacts on the same 
criteria in the basin of origin as a result of reduced flows in the Missouri River.  Imports to the 
Front Range would result in water quality that would meet all drinking water standards with 
conventional water treatment, but the source water quality would be poorer than the current 
supply used by many Front Range urban purveyors.  Agreement from the State of Colorado, and 
the many water providers within Colorado, would have to occur in order for this option to occur.  
Moreover, to the extent that this option would require the reduction of the amount of water that 
the state of Colorado is legally entitled to take from the Basin, this option could require an 
amendment to the Colorado River Compact of 1922 (Compact) and Upper Colorado River Basin 
Compact of 1948. 

2.2 Mississippi River Imports  
This concept is similar to the Missouri River option, but the diversion location is significantly 
farther downstream along the Mississippi River system.  Specifically, the proposed diversion 
location is near Memphis, Tennessee, downstream of the confluence of the Ohio River and 
Mississippi River.  By extending the concept to this location, the flows at the diversion location 
are significantly higher, and because the diversion location is much closer to the Gulf of Mexico, 
the potential impacts to downstream users are reduced.  However, extending the concept to this 
location requires an additional 340 miles of conveyance facilities and 200 MW in pumping needs 
(increasing the estimated capital costs to $14.6 billion).  With that background, the assumed 
yield of this option is identical to the Missouri River option, at 600,000 afy.  The estimated unit 
annual cost is higher, at $2,400 per af.  Although a larger project, the Mississippi River option is 
assumed to require the same amount of time to implement—30 years.  This option was 
characterized the same as the Missouri River option on all other characterization criteria.  
Agreement from the State of Colorado, and the many water providers within Colorado, would 
have to occur in order for this option to occur.  Moreover, to the extent that this option would 
require the reduction of the amount of water that entities within Colorado would take from the 
Basin to which they are legally entitled to take, this option would require an amendment to the 
Colorado River Compact and Upper Colorado River Basin Compact. 
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3.0 Imports to the Green River Headwaters 
This group of options includes diverting water from the upper headwaters of rivers adjacent to 
the Green River to the headwaters of the Green River.  Potential sources of supply are diversions 
from the Bear River, upper Snake River1, or Yellowstone River.  These potential projects 
involve intake and diversion facilities, pumping plants and conveyance facilities, and delivery to 
the Green River.  Because these options are focused on headwaters-to-headwaters transbasin 
diversions, the size of the projects (in terms of magnitude of water and facilities required) are 
smaller in scale than other importation options. With the Green River headwaters concepts, the 
availability of divertible supply is the primary limiting factor, as defined in previous analyses 
prepared as part of the Colorado River Augmentation Study (Colorado River Water Consultants, 
2008). 

Three representative options were developed from this group of options to reflect the differences 
in potential location of diversion, conveyance infrastructure needs, and associated impacts.  The 
representative options are: 

• Bear River Imports 
• Snake River Imports 
• Yellowstone River Imports 

3.1 Bear River Imports 
Specific to the Bear River concept, the proposed diversion location is directly downstream of 
Smith’s Fork near Cokeville, Wyoming.  It is worth noting that approximately 175 miles 
downstream of this location, the fresh water flows into the Great Salt Lake and is lost.  Based on 
a series of relatively high-level hydrologic assessments (Colorado River Water Consultants, 
2008), a yield of 50,000 afy was estimated as potentially feasible near Smith’s Fork.  For 
perspective, the Bear River at this location has historically had annual flow volumes of between 
800,000 af and 100,000 af, with an average annual flow of about 300,000 af.  

The facilities required for the Bear River option include a new river diversion, a new reservoir, 
12 miles of pipe, 2.5 miles of tunnel, and two pumping stations.  This type of infrastructure has 
been proven to be reliable.  Therefore, project feasibility could potentially be evaluated within a 
few years.  Although the required infrastructure is technically proven, the conveyance facilities 
cross areas designated as state or national forests.  Therefore, special use permits for construction 
in the public lands will be required.  Also, transbasin water projects have become increasingly 
challenging to permit because of both political and environmental concerns.  Therefore, at least 
7 years of permitting is anticipated.  Once permitted, numerous design and construction crews 
could implement these types of projects in up to 5 years.  In summary, the following timeframe 
is estimated: feasibility is 3 years, permitting is approximately 7 years, and implementation is 
approximately 5 years, totaling 15 years.  

Costs for this concept were developed by roughly sizing all of the required infrastructure 
components and then using an engineering cost estimating tool to roughly quantity the cost for 
each of the sized infrastructure components.  Considering the total estimated capital cost, as well 
                                                      
1 Among the more than 150 options submitted to Reclamation as responsive to the Plan of Study, additional importation of water supplies from 

various sources, including importation of water from the Snake and Columbia River systems, were submitted to the Study. Such options were 
appropriately reflected in the Study but did not undergo additional analysis as part of a regional or river basin plan or any plan for a specific 
Federal water resource project. This Study is not a regional or river basin plan or proposal or plan for any Federal water resource project. 
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as the cost for interest, energy costs for pumping, and costs for all other required annual 
operations, maintenance, repair and replacement resulted in an estimated unit annual cost of 
$720 per af.  In addition to yield, timing, and cost, the Bear River option was characterized 
against several other criteria.  Key considerations related to technical feasibility, permitting, 
legal, and policy were largely covered in the descriptions above related to estimating option 
timing.  The option scored low on long-term viability criteria because of its combination of risk 
from energy inflation and risk of future policy decisions that could limit diversions from the 
basin of origin.  The option rates relatively poorly on operational flexibility owing to high debt 
service costs that would still exist when the option is put into an idle mode.  The options would 
result in more water imported into the headwaters and therefore is anticipated to improve Basin 
hydropower, water quality, recreation, and may improve some in-basin environmental 
conditions.  However, there are also potential adverse impacts to the Bear River basin due to 
reduced flows.  Without extensive and detailed study, it is not possible to ascertain if the benefits 
to the Basin would be greater than or less than the adverse impacts to the basin of origin.  At this 
time, neutral overall impacts are assumed for recreation and hydropower.  Because the diversion 
would reduce Bear River flows through the Great Salt Lake Delta and the Bear River Migratory 
Bird Refuge, this option was characterized slightly lower than similar Green River Imports 
options. 

3.2 Snake River Imports 
According to the Snake River Interstate Compact (Snake River Compact, 1949), Wyoming has 
rights to deplete 4 percent of the annual flow in the Snake River at the state line.  The first 2 
percent of that water can be directly diverted, but diversions of more than 2 percent require 
storage along the river to assist in the management of potential impacts to Wyoming diversions.  
For this reason, 33,000 af of storage along the Snake River in the Palisades Reservoir has been 
allocated to Wyoming.  This option investigates using Wyoming rights to divert 33,000 afy from 
the Snake River during high-flow periods and store that water in Palisades Reservoir.  Then the 
water would be pumped through 26 miles of pipe and 6 miles of tunnel into the headwaters of the 
Green River Basin.  The estimated yield for this option is 33,000 afy. 

In regards to timing, Wyoming has the water rights to divert and use this water.  However, 
because the proposed water use is related to a transbasin diversion, approval by the State of 
Idaho is required by Article 4 of the Snake River Compact.  Therefore, it is assumed that this 
option could not be implemented any faster than the Bear River option.  Specifically, 3 years of 
feasibility, 7 years of permitting and interstate negotiations, and 5 years of construction, totaling 
15 years, would be required. 

In regards to costs, this option would require approximately $200 million in new pumping and 
conveyance facilities, and when factoring in energy costs and all other required annual 
operations and maintenance costs, the resulting unit annual cost is estimated to be about $800 per 
af.   

Compared to the Bear River importation option, the Snake River option received slightly better 
ratings for permitting and other environmental factors because a new reservoir is not required for 
this option.  However, the Snake River option received a slightly lower rating on legal criteria 
attributable to potential complexities related to agreements with Idaho and the Snake River 
Compact. 
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3.3 Yellowstone River Imports  
Wyoming is allocated 60 percent of the depletable yield of the Clark’s Fork of the Yellowstone 
River.  According to the 1973 Wyoming Framework Water Plan (Wyoming State Engineer’s 
Office, 1973), Wyoming’s 60 percent allocation is 428,000 af in an average year.  Currently, 
very little water is depleted from this river basin.  However, it is also worth noting that this river 
has been designated wild and scenic, which could affect the ability to obtain diversion permits.  
The proposed option is for 75,000 afy (or 20 percent of Wyoming’s depletable allocation).  The 
option includes diverting water from Clark’s Fork near the Wyoming state line and conveying 
the water approximately 45 miles to the Buffalo Bill Reservoir, where pumps, pipes, and tunnels 
would be used to convey the water an additional 90 miles to the Green River Basin. 

In regards to timing, the proposed technology is well-proven, and a technical feasibility study 
could be completed in less than 3 years.  However, the permitting and negotiations with the 
downstream state (Montana) would likely take at least 7 years.  If permitted, the projects could 
be constructed over a 5-year duration. 
In regards to cost, this option includes a considerably longer alignment than the other imports to 
the headwaters of the Green River options, and the cost is reflective of the longer length with an 
estimated unit annual cost of $1,900 per af.  For the same reason, the energy needs of this option 
are slightly higher than other Green River imports options. 

In regards to other characterization criteria, this option was characterized almost identically to 
the Snake River imports options because of the general similarities of the options. 

4.0 Imports to Southern California 
This group of options is focused on importing high-quality water from other regions using ocean 
routes to Southern California coastal areas.  Potential sources of water include the Columbia2 
River, rivers in Alaska, or icebergs.  Delivery mechanisms include sub-ocean pipelines for 
Columbia River supplies, tanker ships for Alaskan river supplies, or tug boats for icebergs.  All 
of the options in this group require extensive transport or conveyance of water from the source 
regions to Southern California and require relatively complex facilities and operations to 
integrate the supply within the current water supply system in Southern California.   

Four representative options were developed from this group of options to reflect the differences 
in potential location of imported water, modes of transport and conveyance, and associated 
impacts.  The representative options are: 

• Columbia River Imports 
• Icebergs 
• Tankers 
• Water Bags 

                                                      
2 Among the more than 150 options submitted to Reclamation as responsive to the Plan of Study, additional importation of water supplies from 

various sources, including importation of water from the Snake and Columbia River systems, were submitted to the Study. Such options were 
appropriately reflected in the Study but did not undergo additional analysis as part of a regional or river basin plan or any plan for a specific 
Federal water resource project. This Study is not a regional or river basin plan or proposal or plan for any Federal water resource project. 
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4.1 Columbia River Imports 
This concept includes constructing a diversion structure near the mouth of the Columbia River, 
which would feed a sub-ocean pipeline that would travel along the coast to Southern California 
before turning inland to deliver water to the local Southern California water infrastructure 
system.  The availability of supply for locations such as the mouth of the Columbia River was 
not estimated to be the limiting factor.  For this group of options, the limiting factor is based on 
the capacity and configuration of existing infrastructure in Southern California.  Integrating large 
quantities of new supply to offset Colorado River diversions would be difficult due to 
infrastructure constraints.  Although the exact integration limit is difficult to quantify, 
600,000 afy was estimated based on rough estimates of integration capability.  This volume is 
coincidentally consistent with other large-scale import options and therefore provides some 
degree of comparability to other import options. 

The time required to implement this type of option is highly uncertain.  This is because sub-
ocean pipelines of the proposed size and length are largely unprecedented.  Therefore, the 
feasibility phase is assumed to take at least 10 years and may require some pilot testing of sub-
ocean pipeline designs.  The permitting phase may also take 10 years to conduct interstate 
negotiations and the need to complete an environmental impact statement.  Finally, construction 
of more than 1,000 miles of 144-inch sub-ocean pipeline across large submarine canyons could 
take up to 20 years.  All combined, the timing for this option is assumed to be 40 years. 

The cost of this option is also highly uncertain.  The costs available on this option are dated and 
are presented on a dollar-per-af basis without sufficient explanation as to how the unit cost was 
calculated (Reclamation, 1971).  By updating past Reclamation costs from 1971 estimates and 
making adjustments for considering a smaller-scale concept than the one considered in 1971, this 
option is roughly estimated to have a unit annual cost of at least $3,400 per af. 

In addition to timing and cost, this option did not rate for any of the other characterization 
criteria except water quality due to difficult feasibility, permitting challenges, and unknown 
environmental impacts. Only water quality was rated higher due to the importation of better 
water quality from the Columbia River than the existing Colorado River supply. 

4.2 Imports via Icebergs 
This concept includes wrapping large water bags around icebergs in the Alaska region and using 
tug boats to transport the frozen water to a port along the coast of Southern California.  As the 
water melts in the water bags, the water would then be pumped to a transfer station at the port 
and then pumped and piped to locations such as Diamond Valley Lake for treatment and 
consumption.  A small iceberg contains 250 to 850 af.  Assuming approximately one iceberg 
transported per day, this would yield approximately 200,000 afy. 

In regards to timing, this option would require the construction of a new terminal similar to the 
design of an oil-receiving terminal at a sea port.  Next, pipes and pumps would need to be 
permitted from the port to the targeted receiving lake (assumed to be Diamond Valley Lake).  
Based on these considerations, this option is assumed to take at least 10 years for feasibility, 
5 years in permitting, and 5 years in construction, totaling at least 20 years.  Because this type of 
project would most likely be completed in phases, additional phases are assumed to require 
another 10 years to complete. 
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In regards to cost, assumed costs to lease very large tug boats were developed through research 
of existing industry practices.  These include the cost of the boat, crew, and fuel.  The cost to 
construct a new terminal at an existing port near Los Angeles was estimated based on recent 
studies to build a new oil terminal in Los Angeles (Los Angeles Economic Development 
Corporation, 2008).  The cost to build pipelines and pump stations from the port to Diamond 
Valley Lake were based on the cost of previously completed pipelines and pumping stations in 
this region.  The resulting capital costs were estimated to be approximately $3.5 billion. Based 
on all of these considerations, the estimated unit annual costs are $2,700 per af. 

In regards to other characterization criteria, this option requires significant amounts of fuel and 
therefore the rating for energy needs is low.  Also, the rating for long-term viability is low 
because of the risk that escalating fuel prices could further increase the cost of this option. 

4.3 Imports via Tankers 
The tanker option is very similar to the iceberg option.  Large tanker ships would be used to 
accept water in a port near a river in Alaska and deliver the water to the same type of port in 
Southern California that was described in the iceberg option.  Large tankers could have 
capacities of 276 to 445 af (Ocean Shipping Consultants, 2007).  Maximum annual yield of 
600,000 af is again assumed to be limited by the existing distribution system.  The same 
integration infrastructure is required from the Southern California port to a lake such as Diamond 
Valley Lake.  Owing to the need for larger ships and a second port in the exporting basin, the 
costs may be slightly higher than the iceberg concept.  However, developing and utilizing water 
bags would not be required. A rough estimate of the unit annual cost of this option is $2,900 per 
af.  In regards to yield, timing, and all other characterization criteria, the option characterizes 
exactly the same as towing icebergs. Characterization of this option was performed as increments 
of 200,000 afy in order to capture issues of scale and other complexities of large-scale programs. 

4.4 Imports via Water Bags  
This option is exactly the same as the tankers option, but except instead of using tankers, the 
option focuses on capturing fresh water near the mouth of several large rivers in Alaska.  Water 
bags are expected to have capacities of about 40 af.  This option is assumed to characterize 
exactly the same as tankers.  

5.0 Characterization Results 
A summary of the characterization findings are shown in table F4-1. The top portion of the table 
shows the estimated quantity of yield, earliest timing of implementation, and estimated cost.  The 
bottom portion of the table shows the 17 criteria and associated ratings (“A” through “E”) and is 
color-scaled.  In general, “C” is typically designated as mostly neutral; “A” is largely positive; 
and “E” is largely negative.  Refer to appendix F3 for specific criteria descriptions and rating 
scales. 

Notes providing detailed justification for each option criteria rating are available in electronic 
form on the accompanying compact disc and on Reclamation’s website at 
http://www.usbr.gov/lc/region/programs/crbstudy.html. 

 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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TABLE F4-1 
Summary Characterization Ratings for Importation Options 
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Appendix F5 — Option Characterization – 
Desalination 

1.0 Introduction 
Ocean and brackish water desalination has been proposed to increase the supply in those areas 
currently relying upon water supply from the Colorado River.  A number of desalination options 
were submitted for consideration in the Colorado River Basin Water Supply and Demand Study 
(Study).  The submittals are summarized in appendix F2 and the original submittals are available 
via links from the electronic version of appendix F2 on the compact disc that accompanies this 
report and the version of appendix F2 on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html.  

15 options were submitted related to ocean or brackish water desalination.  Some of the 
submittals were related to specific projects with detailed descriptions, while others were 
provided as general concepts.  The submitted options were reviewed and organized into groups 
according to the source of the desalination water: 

• Ocean Desalination 
• Desalination of Agricultural Drainwater 
• Desalination of Brackish Groundwater 

The general location of these options are shown in figure F5-1,with the arrow indicating the flow 
of desalinated water and the red square indicating the points of reduced Colorado River 
diversion. Representative options were developed for each option group to represent the distinct 
nature of the options.    

This appendix summarizes the types of options received, the assumptions made and methods 
used to characterize the options, and the characterization results.  Additional detail related to the 
options characterization is included in appendix F3. Attachment A of appendix F3 contains more 
detailed descriptions of the ratings.  Attachment B provides the methods used for completing the 
unit cost calculations.  Attachment C presents the detailed characterization information and is 
available on the compact disc that accompanies this report and on the Study website. 
  

http://www.usbr.gov/lc/region/programs/crbstudy.html
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FIGURE F5-1 
General Locations of Desalination Options 

 

2.0 Ocean Desalination 
This group of options consists of constructing new ocean desalination plants in strategic 
locations along the Southern California coast or near the international boundary in Mexico.  The 
desalinated water would be delivered to some of the larger existing operational reservoirs in the 
Metropolitan Water District of Southern California (MWD) system or similar reservoirs in 
MWD member agencies’ systems.  This option group also includes constructing new ocean 
desalination plants along the Gulf of California (Gulf) in the United Mexican States (Mexico).  
This desalinated water would be delivered to Imperial Dam north of the international boundary, 
where the water could be left in the river to meet water commitments to Mexico or diverted into 
the All American Canal.  For both the Pacific Ocean and the Gulf desalination plants, the water 
could be exchanged to Lake Havasu or higher up the river to Lake Mead or Lake Powell, thereby 
allowing the new supply to benefit water users up and down the river. 
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Three representative options were developed from this group of options to reflect the various 
potential desalination plant locations.  The representative options consist of the following: 

• Pacific Ocean Desalination in California 
• Pacific Ocean Desalination in Mexico 
• Gulf of California Desalination 

2.1 Pacific Ocean Desalination in California 
The quantity of yield for this concept is limited by the ability to integrate the new supply into the 
proposed delivery points or by the hydraulic capacity limitations of a single large pipeline.  
Based on discussions with MWD, Pacific Ocean desalination concepts are estimated to be 
limited to 600,000 acre-feet per year (afy) due to integration considerations.   

With regard to timing, the Pacific Ocean projects would require well over 20 California and 
federal permits.  California permits such as those from the Coastal Commission, State Lands 
Commission, Regional Water Quality Control Boards, and Department of Public Health can be 
challenging to obtain and may affect the viability and/or cost and timing of the particular project.  
This would be especially true for the potential sizing and transfer components of the proposed 
projects.  It is roughly estimated that 200 million gallons per day (200,000 afy) of Pacific Ocean 
projects could require 5 years of feasibility, 10 years of permitting, and 5 years of 
implementation, totaling 20 years.   

Several recent studies have included cost estimates for ocean desalination facilities.  The 2008 
augmentation study included planning-level cost estimates for facilities in Southern California, 
Baja California, and along the Gulf (Colorado River Water Consultants, 2008).  In addition to the 
information available from these studies, water treatment plant conceptual design and cost 
estimating tools were used to estimate treatment costs, including intake and outfall facility costs.  
A cost estimating tool was also used to estimate costs of the pipelines and pump stations that 
would convey the water from the coast to the selected delivery location. Total capital costs were 
estimated to range from $2.8 to $3.2 billion depending on location. Annual costs include 
electricity, chemicals, maintenance, repair, and replacement costs.  Electricity costs assume that 
a project of this size would get favorable electricity rates because of its large and consistent 
energy demand.  Specifically, a cost of $0.10 per kilowatt hour was assumed to cover all aspects 
of the energy rate.  This cost is consistent with current assumptions on electricity costs for ocean 
desalination plants in the Southern California region (HDR Inc., 2009).  The annual costs for 
maintenance, repair, and replacement are based on a percentage of the capital.  With all these 
considerations accounted, the annual cost per acre-foot (af) of produced water is estimated to be 
approximately $1,900 per af, with a range between $1,600 per af and $2,600 per af, assuming 
200,000 afy construction increments and 50 miles between the plant and delivery location. 

In regard to technical feasibility, ocean desalination facilities have been completed in numerous 
locations around the world, but none at the scale described for the larger supply concepts.  
Therefore, technical feasibility characterization varies based on scale and precedence for similar 
options.  When considering long-term viability, there is some concern about the potential for 
increased electricity costs to affect viability.  Potential environmental impacts have been the key 
focus of the regulatory agencies.  The main barriers to larger-scale desalination in California 
have been attributable to concerns regarding: impingement and entrainment at seawater intakes, 
hyper-saline impacts from brine discharge a planned Ocean Plan amendment to address these 
impacts currently under development by the California State Water Resources Control Board 
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with anticipated completion by late 2013, limitations from implementation of coastal Marine 
Protected Areas, areas of Special Biological Significance, and phase-out of once-through cooling  
intake/outfall use at coastal power plants.  These concerns will contribute to permitting and 
implementation challenges. 

None of the desalination options rate high for operational flexibility criteria because these 
options would have high debt service costs that exist even when the option is put into an idle 
mode.  All of the desalination options have relatively high energy requirements.  When 
considering hydropower, recreation, and other environmental impacts, many of these options rely 
on exchanges along the river to varying degrees, which could result in a change in how the river 
reaches are operated and could have adverse impacts due to reduced releases or river flows.  In 
regard to water quality, some options have the potential to have a positive impact by reducing 
salinity levels in specific locations.  Socioeconomic impacts are difficult to fully assess because 
jobs will be created with all of these options, but there is also likely to be a combination of 
positive and adverse impacts when considering factors beyond simply job creation (e.g., effects 
on communities). Without more-detailed assessments, neutral conditions were assumed for 
socioeconomics. 

2.2 Pacific Ocean Desalination in Mexico 
This concept consists of constructing a desalination plant adjacent to a power plant in Rosarito, 
Mexico.  Quantity of yield for this concept is limited by the ability to integrate the new supply 
into the regional infrastructure in the San Diego region as well as site constraint considerations.  
The largest plant size considered to date is 75,000 afy.  With regard to timing, feasibility studies 
have been completed (San Diego County Water Authority, 2010) and additional studies are 
underway.  Permit requirements are similar but possibly not quite as challenging or time-
consuming as constructing similar facilities in California.  It is roughly estimated that a 
56,000 afy plant at this location could require 10 years of permitting, and 5 years of 
implementation, totaling 15 years.  Costs and energy requirements are relatively consistent with 
the similar Pacific Ocean desalination concepts evaluated for California.  This type of option is 
smaller than some of the other ocean desalination options, and so the criteria related to impact to 
the Colorado River, including hydropower impacts, recreation impacts, and ecological impacts, 
all have ratings that are slightly negative, but more favorable than the larger-scale options. 

2.3 Gulf of California Desalination 
The Gulf desalination concepts are assumed to be limited to 600,000 afy of increased supply, 
based on the hydraulic capacity constraints of a single large-diameter pipeline.  However, if 
parallel pipelines were installed, larger yields are feasible. 

The Gulf projects would require international negotiations and potential mitigation measures that 
may lengthen the permitting and implementation process.  It is estimated that the Mexico options 
would require the same time for permitting and implementation as the Pacific Ocean projects—
roughly 20 years.  This assumption considers that feasibility studies have already begun for this 
representative option.   

The same sources of information and cost estimating assumptions were used for the Gulf 
desalination option as for the Pacific Ocean option.  Additionally, a more-detailed cost study on 
ocean desalination concepts in the Gulf completed in 2009 (HDR Inc., 2009) was referenced.  
Based on these references, the annual cost of produced water is estimated to be approximately 
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$2,100 per af. These costs are based on assumptions of 200,000 afy construction increments and 
considering that approximately 170 miles of conveyance facilities are required to deliver the 
desalinated water from the Gulf coast to Imperial Dam. The resulting estimate for capital costs is 
approximately $4.2 billion. When comparing costs to the Pacific Ocean option, the additional 
cost is associated with the location of the projects and the assumed points of delivery, which 
involve longer conveyance facilities.   

Other key considerations used to characterize the Gulf desalination option were the same as the 
Pacific Ocean option. 

3.0 Desalination of Agricultural Drainwater 
This group of options consists of constructing new diversions upstream of the Salton Sea that 
would capture agricultural drainage water and deliver this water to a regional brackish water 
desalination facility.  The desalinated water would be delivered back to the All American Canal 
upstream of the East Highline Canal, allowing the water to be delivered to Imperial Irrigation 
District and by exchange, Coachella Valley Water District customers who rely on the All 
American Canal system.  Simultaneously, an in-kind reduction in diversions is possible from the 
river at Imperial Dam. 

In this case, only one representative option was used—Salton Sea Drainwater Reuse. 

3.1 Salton Sea Drainwater Reuse 
The quantity of additional yield for this representative option is limited to the amount of 
agricultural drainage water entering the Salton Sea through the New and Alamo rivers and direct 
agricultural drainage, and limitations of maintaining the Salton Sea system.  Between 300,000 
afy and 500,000 afy of sustainable yield was assumed. 

This concept changes the flow balance in the Salton Sea, so substantial time would be needed to 
obtain permits from the California State Water Resources Control Board, and several other 
permitting entities in California.  Impacts of reduced Salton Sea inflows associated with 
implementation of the Quantification Settlement Agreement (QSA) have been addressed in 
environmental documentation prepared prior to execution of the QSA.  Consistency with the 
QSA would need to be evaluated, and mitigation for air quality impacts of increased exposed 
Salton Sea playa would be required.  Although these efforts would take time, it is assumed that 
the option could be done with 5 years of feasibility, 5 years of permitting, and 5 years of 
implementation, totaling 15 years.   

The cost of this option is highly dependent on the assumed salinity concentration of the 
agricultural drainwater and the method of disposing of the brine stream from the reverse osmosis 
units.  The option recommends using a salinity of 2,500 milligrams per liter (mg/L) for the 
drainwater and 700 mg/L for the product water to ensure similar or improved water quality for 
those dependent on the source.  Based on this level of salt removal, the size and cost of the 
treatment plant can be estimated.  Also, it is assumed that the brine stream would be of lower salt 
concentration than the Salton Sea (currently higher than 45,000 mg/L) and therefore could be 
discharged to the sea.  Once these parameters were selected, the same cost tools used to estimate 
ocean desalination concepts were used to estimate capital costs (approximately $2.1 billion) as 
well as electricity, chemicals, maintenance, repair, and replacement annual costs for the 
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agricultural drainwater concepts.  Based on these assumptions, the cost of produced water is 
estimated to be approximately $950 per af assuming 200,000 afy construction increments. 

In addition to yield, timing, and cost, the Salton Sea drainwater reuse option was characterized 
for several other criteria.  Key considerations related to technical feasibility, permitting, legal, 
and policy issues were largely covered in the descriptions above related to estimating option 
timing.  In regard to technical feasibility, desalination of agricultural drainwater has been 
accomplished in numerous locations around the world, but none at the scale described herein.  
Therefore, the technical feasibility characterization varies based on scale and precedence for 
similar options.  When considering long-term viability, there is some concern about the potential 
for increased electricity costs to affect viability.  The option does not rate high for operational 
flexibility criteria because it would have high debt service costs even when the option is put into 
an idle mode.  Desalination of agricultural drainwater involves relatively high energy 
requirements as well.  When considering hydropower, recreation, and other environmental 
impacts, the option relies on exchanges along the river to varying degrees, which could result in 
a change in how the lower river reaches are operated and could have adverse impacts.  
Socioeconomic impacts are difficult to fully assess because jobs will be created with all of these 
options, but there is also likely to be a combination of positive and negative impacts when 
considering more than just job creation.  Without more-detailed assessments, neutral conditions 
were assumed for socioeconomics. 

4.0 Desalination of Brackish Groundwater 
This group of options consists of completing relatively small local projects by municipal water 
providers in Southern California consistent with past similar projects.  This group also includes 
refurbishing the Yuma Desalting Plant back to full-scale production. 

Two representative options were developed for this group of options to reflect the differences in 
potential location of diversion, conveyance infrastructure needs, and associated impacts.  The 
representative options are: 

• Southern California Groundwater Desalination 
• Brackish Water Desalination in the Yuma Area 

4.1 Southern California Groundwater Desalination 
This representative option is limited by sustainable groundwater extraction rates, sustainable 
brine disposal capabilities, or the capacity of existing facilities.  Without updating past studies, it 
is difficult to calculate the amount of remaining sustainable brackish groundwater yield in 
Southern California.  However, a large number of previously identified projects have been 
implemented, and a rough estimate is that 20,000 afy of additional sustainable yield remains.   

With regard to time required to produce desalinated brackish groundwater, groundwater 
extraction and treatment are proven concepts.  Therefore, the timing for projects in this 
representative option is limited to 5 years of permitting and 5 years of implementation, totaling 
10 years.   

Similar to the agricultural drainwater option, the cost of this option is highly dependent on the 
assumed salinity concentration of the extracted groundwater and the method of disposing of the 
brine stream from the reverse osmosis units.  This option was submitted as a general concept for 
Southern California, without designation of a specific groundwater source in a specific location.  
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Therefore, it is not possible to accurately estimate the salinity of the source water or the options 
for brine discharge.  Assuming the source water has a salinity concentration of 1,500 mg/L 
(approximate groundwater total dissolved solids), production water is treated to 350 mg/L, and 
the resulting brine can be disposed of locally, capital costs are estimated to be approximately 
$80 million and produced water is estimated to have a unit annual cost of between $600 and 
$700 per af.   

Key considerations related to technical feasibility, permitting, legal, and policy were largely 
covered in the descriptions above related to estimating option timing.  In regard to technical 
feasibility, groundwater desalination facilities have been completed in numerous locations 
around the world.  When considering long-term viability, there is some concern about the 
potential for increased electricity costs to affect viability.  Operational flexibility was 
characterized as low because the option would have debt service costs even when the option is 
put into an idle mode.  Like the other desalination options, groundwater desalination has 
relatively high energy requirements, although fewer requirements than seawater desalination.  
When considering hydropower, recreation, and other environmental impacts, water exchanges 
could result in a change in how the lower river reaches are operated and could have adverse 
impacts.  In regard to water quality, some options have the potential to have a significant positive 
impact in reducing salinity levels in specific locations.  Socioeconomic impacts are difficult to 
fully assess because jobs will be created with all of these options, but there is also likely to be a 
combination of positive and adverse impacts when considering more than just job creation.  
Without more-detailed assessments, neutral conditions were assumed for socioeconomics. 

4.2 Brackish Water Desalination in the Yuma Area 
The yield of brackish groundwater in the vicinity of Yuma, Arizona, is limited to 100,000 afy by 
the available capacity of the Yuma Desalting Plant. 

The major challenge for full-scale operation of the Yuma Desalting Plant is minimizing the 
impact to the Cienega de Santa Clara.  In lieu of using Wellton-Mohawk Irrigation and Drainage 
District drainage water, saline Yuma Mesa groundwater could be considered as source water for 
the plant.  A recent 9-month pilot run at one-third capacity utilizing this drainage water produced 
promising results (Reclamation, 2012).  Therefore, the timing for this option is limited to 5 years 
of permitting and 5 years of implementation, totaling 10 years.   

For full-scale operation of the Yuma Desalting Plant, the brackish groundwater is known to have 
a total dissolved solids concentration of about 1,500 parts per million, and disposal of the waste 
brines would be to the Gulf via the Main Outlet Drain Extension.  The unit annual cost of 
produced water is estimated at $640 per af. 

Other key considerations were similar to the other desalination options. 

5.0 Characterization Results 
A summary of the characterization findings are shown in table F5-1. The top portion of the table 
shows the estimated quantity of yield, earliest timing of implementation, and estimated cost.  The 
bottom portion of the table shows the 17 criteria and associated ratings (“A” through “E”) and is 
color-scaled.  In general, “C” is typically designated as mostly neutral; “A” is largely positive; 
and “E” is largely negative.  Refer to appendix F3 for specific criteria descriptions and rating 
scales. 
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TABLE F5-1 
Summary Characterization Ratings for Desalination Options 
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Appendix F6 — Option Characterization – 
Reuse 

1.0 Introduction 

Many municipal and industrial entities that receive Colorado River water have implemented 

wastewater reuse programs and have plans to develop additional supply through future reuse.  

Development of reuse above current plans has been proposed to provide a “new” supply in those 

areas currently relying upon water supply from the Colorado River.  A number of reuse options 

were submitted for consideration in the Colorado River Basin Water Supply and Demand Study 

(Study).The submittals are summarized in appendix F2 and the original submittals are available 

via links from the electronic version of appendix F2 on the compact disc that accompanies this 

report and the version of appendix F2 on the Study website 

at http://www.usbr.gov/lc/region/programs/crbstudy.html.  

Eleven options were submitted related to reuse to increase the supply the Study area.  Many of 

these submittals were related to specific reuse programs, specific uses of reuse water, or 

geographic-specific reuse opportunities.  The major areas of potential reuse are shown in 

figure F6-1. 

Due to the large number of geographic specific approaches and limitations, a set of Colorado 

River Basin (Basin)-wide option groups and representative options were developed based on the 

type of reuse:  

 Municipal Wastewater Reuse  

 Industrial Wastewater Reuse  

 Grey Water Recycling 

This appendix summarizes the types of options received, the assumptions made and methods 

used to characterize the options, and the characterization results. Additional detail related to the 

options characterization is included in appendix F3. Attachment A of appendix F3 contains more 

detailed descriptions of the ratings.  Attachment B provides the methods used for completing the 

unit cost calculations.  Attachment C presents the detailed characterization information and is 

available on the compact disc that accompanies this report and on the Study website. 

For each type of reuse, the option was only considered to provide new supply to the adjacent 

areas or areas where return flow does not augment Colorado River flow.  This consideration was 

due to the balance between diversions, consumptive use, and return flow within the hydrologic 

basin that results in most return flows becoming available for downstream purposes. 

In addition, states such as Colorado, Wyoming, and New Mexico have regulatory frameworks 

that dedicate return flows to other users or require return flow for water rights purposes.  In these 

states, the potential for reuse was limited by these downstream return flow considerations.  In 

other areas, such as Southern California, physical infrastructure capacity limited the amount of 

reuse that could be effectively developed. 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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Implementation of additional reuse programs helps meet local demands in the Study Area.  The 

areas of greatest potential for reuse exist outside of the hydrologic basin and generally include a 

portfolio of water supplies (groundwater, local supplies, other imports), including Colorado 

River water.  These supplies each have their own cost, reliability, water quality, and other factors 

that lead to agency preferences related to which supply (current or future) would be reduced 

under lower demand scenarios.  Under purely financial considerations, it is unlikely that the 

Colorado River supply is the marginal supply in the portfolio.  Given the complexity of regional 

and local water management decisions, it was simply assumed that increased development of 

reuse reduces water demands proportionally to the magnitude of supply from Colorado River and 

non-Colorado River sources.  However, because these demand reductions benefit more than just 

Colorado River water users, the cost of achieving these reductions is assumed to be shared by the 

beneficiaries. Figure F6-1 shows the primary reuse locations. 

FIGURE F6-1 

Areas of Significant Potential Reuse 

 

2.0 Municipal Wastewater Reuse 

Nine of the options propose reusing potentially available municipal wastewater to varying 

degrees.  Concepts related to reuse of municipal wastewater in major urban areas were 

considered for either non-potable purposes such as irrigation or for potable purposes through 

indirect or direct methods.   
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One representative Basin-wide option was developed for this group, but includes regional 

differentiations related to types of reuse. For example, non-potable reuse was considered in all 

major municipal areas receiving Colorado River water. However, indirect potable reuse was 

considered for areas in Southern California and Arizona due to the current and already planned 

high levels of non-potable reuse programs. The municipal reuse representative option includes 

reuse for parks, golf courses and other traditional municipal uses. When potential yield of a 

representative option exceeds 200 kafy, the representative option was characterized in 

progressive 200 kafy “steps” to represent likely project phasing. 

2.1 Non-potable Reuse in California, Colorado, Utah, Arizona, New Mexico, 
and Wyoming 

The potential for traditional non-potable reuse (providing treated wastewater for landscape 

irrigation) for golf courses, parks, and industry was evaluated for California, Colorado, Utah, 

Arizona, New Mexico, and Wyoming.  Golf course demand was assessed based on the typical 

number of golf courses per person, with a typical number of acres per course and local 

evapotranspiration.  About 37 percent of existing courses are supplied with reuse water, resulting 

in an additional potential non-potable reuse demand of about 275,000 acre-feet (af).  This 

potentially overlaps to some extent with the broader municipal systems considered below.   

As noted above, reuse potential in Colorado, New Mexico, and Wyoming is limited by 

regulatory considerations.  These states were assumed to have a reuse potential of about 

80,000 af.  This amount of reuse was derived from estimates of additional reuse potential in 

Colorado (CWCB, 2010), conversations with Wyoming water managers, and direct experience 

with assessing reuse potential in New Mexico.  Reuse in Utah was limited by the total diversion 

out of the hydrologic basin to the Wasatch Front of 20,000 af (i.e., the potential reuse supply is 

greater, but this is the maximum benefit to the Basin).  Arizona was estimated to have a reuse 

potential of about 250,000 af based on information provided by the Arizona Department of 

Water Resources.  Because of infrastructure limitations, California was estimated to have a total 

reuse potential of 600,000 af.  For both Arizona and California, it was assumed that of these 

totals about one third could be applied for non-potable reuse, with the remaining amount 

available for indirect or direct potable reuse.  Overall, traditional non-potable reuse potential was 

assumed to be about 360,000 af. 

Because traditional non-potable reuse is commonly practiced in the Southwest, these options 

were assumed to require about 3 years for feasibility, 2 years for permitting, and 5 years for 

implementation, for a total of 10 years.   

Unit annual costs for traditional non-potable uses were derived from the augmentation study 

(Colorado River Water Consultants, 2008) at about $1,500 per af.   

In addition to yield, timing, and cost, the non-potable reuse option was characterized using 

several other criteria.  A summary of the findings for all criteria is shown in table F6-1.  Non-

potable projects of this size have not been implemented in the Study Area previously.  

Permitting, legal, and policy implementation will be more difficult for the indirect potable option 

than for more-traditional non-potable reuse.  There is some implementation risk due to the 

amount of capital required.  There is also some risk of infrastructure failure and risk of escalating 

costs because of the energy-intensive nature of the options.  The option scores poorly under 

operational flexibility as a result of the likely associated debt service for a stranded asset.  

Energy needs are estimated at 500 kilowatt hours (KWh) per af.  This energy would come from 
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the grid resulting in a mix of fuel sources.  If the option resulted in fewer releases to the Lower 

Basin, due to a reduction in demand for Colorado River water, then hydropower would be 

reduced.  This effect would be most notable for larger implementations.  The non-potable option 

could increase salinity in the Basin because salts are not discharged with the wastewater.  

Recreation impacts are largely neutral.  If the demand for Colorado River water is reduced, 

resulting in higher streamflows, the effect would be largely positive toward the “other” 

environmental factors, but disposal in inland areas may be environmentally challenging and there 

may be some localized long-term effects related to ocean brine disposal for larger 

implementations.  No appreciable positive or negative impacts to socioeconomics are noted. 

2.2 Indirect Potable Reuse in Southern California and Arizona 

In California and Arizona, indirect potable reuse was assumed as the most likely method of reuse 

for most reuse beyond that which is already included in demand scenarios.  Indirect potable reuse 

supply can be re-introduced into municipal water supply reservoirs or groundwater basins, 

blended with other supply sources, treated, and provided for both indoor and outdoor uses.  

Based on a review of the available wastewater discharges to the ocean in Southern California, it 

was determined that the primary limitation on this option is the ability to integrate it into the 

Metropolitan Water District of Southern California’s system.  From discussions with 

Metropolitan Water District personnel, it was assumed that no more than 600,000 af could be 

integrated into the regional system.  As noted previously, Arizona indicated a 275,000-af 

potential for reuse.  When traditional non-potable reuse is removed from these estimates, there is 

about 570,000 af of indirect potable reuse potential remaining.  

Although indirect non-potable reuse systems exist in some areas of the state, as much as 10 years 

would likely be needed for feasibility and permitting, with an additional 5 years for 

implementation, for a total time of 15 years.  

Costs for the indirect potable options were based on a parametric cost estimating tool, resulting 

in a unit annual cost of about $1,800 per af attributable to additional treatment costs. Capital 

costs to treat and convey the water were estimated to be approximately $4.8 billion. 

Other key criteria were characterized very similarly to the non-potable reuse option, with a few 

exceptions.  More energy would be needed (4,300 KWh per af) due to more-stringent treatment 

requirements.  Indirect or direct reuse is not widely practiced at this scale and may encounter 

public resistance.  Overall water quality, given the removal of salt load (i.e., through reverse 

osmosis treatment) for these options, will improve.  However, there may be localized long-term 

impacts from ocean brine disposal.  

3.0 Industrial Wastewater Reuse 

Byproduct wastewater flows are generated from a variety of industries that are not discharged 

through municipal wastewater systems.  Non-potable reuse of byproduct water from various 

industries was proposed to meet demands.  In this case, the only representative option is general 

industrial wastewater reuse. 

The consideration of industrial reuse targeted specific industries and byproducts.  The target 

industries largely lie within the self-supplied or “self-served industrial” category.  Targeting 

10 percent of the latter category demand results in about 40,000 af of potential reused water. 
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Industrial reuse included treatment of produced water with total dissolved solids concentrations 

on the order of 15,000 milligrams per liter.  Additional costs for collection and distribution of 

this water resulted in a unit annual cost of at least $2,000 per af. 

Other key criteria were characterized very similarly to the indirect potable reuse option, with a 

few exceptions.  Slightly less energy would be needed because of less-stringent treatment 

requirements. However, hauling the product water from the distributed locations may require 

diesel fuel as a significant energy source.  Non-potable reuse is already a widely accepted 

process and would encounter little public resistance.  Lastly, this option could increase salinity in 

the Basin because the salts are not discharged with the wastewater. 

4.0 Grey Water Reuse 

Grey water is generally defined as untreated wastewater that has not been contaminated by any 

toilet discharge, has not been affected by unhealthy bodily wastes, and does not present a threat 

from contamination by unhealthful processing, manufacturing, or operating wastes (California 

Building Standards Commission, 2010).  The reuse or recycling of this water at individual homes 

or communities can be used for non-potable purposes.  This group of options assumes reuse of 

water for non-potable purposes at individual homes and is limited by the amount of residential 

wastewater generated as well as the seasonal nature of the associated non-potable demand.  The 

representative option is described as: Grey Water Reuse in Adjacent Urban Areas. 

4.1 Grey Water Reuse in Adjacent Urban Areas 

A portion of the municipal wastewater in adjacent areas may be available for grey water reuse.  It 

was assumed that approximately 50 percent of overall residential indoor water use (from 

washing machines, showers, and sinks) could be considered gray water. This 50-percent use is a 

gross assumption.  Actual potential will vary significantly from place to place.  It was further 

assumed that grey water could only be used for residential non-potable demands, which were 

estimated as 60 percent of the total household demand.  Finally, it was assumed that an ultimate 

adoption rate of 50 percent by 2060 was achievable.  These assumptions resulted in an annual 

yield of about 178,000 af by 2060. 

It is important to note that in many adjacent urban areas, such as the Front Range in Colorado, 

Colorado River grey water is treated and re-diverted for reuse by municipalities or for use by 

other downstream diverters entitled to the return flows under Colorado Water Law. Use of grey 

water for irrigation may reduce treatment costs; however, unless the actual outdoor irrigation 

consumptive use is decreased, there will be no net supply increase to the system. 

Grey water reuse options were also assumed to be implementable within a 10-year timeframe, 

largely related to legal issues associated with plumbing code consistencies and health and safety 

concerns (individual systems).  As with other options, it was assumed that these options had 

broad support.  

Grey water recycling costs were derived from information at www.greywateraction.org, which 

estimated that the cost to install a sand filter to drip irrigation system was between $5,000 and 

$10,000.  Assuming a cost of $5,000, with payments spread over 30 years to be consistent with  

  

http://www.greywateraction.org/
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other financial options and a single home using 0.07 af per year, grey water recycling had the 

highest cost of the reuse options based on the distributed nature of the systems at a unit annual 

cost of $4,200 per af.   

Key criteria for the grey water reuse option were characterized similarly to the other reuse 

options with a few exceptions. Grey water reuse scored well on operational flexibility because it 

would likely be implemented on a case-by-case basis, resulting in little debt service. In addition, 

grey water reuse rated high for permitting and other environmental factors in that reduced 

wastewater discharge to sewer systems would result. 

5.0 Characterization Results 

A summary of the characterization findings are shown in table F6-1. The top portion of the table 

shows the estimated quantity of yield, earliest timing of implementation, and estimated cost.  The 

bottom portion of the table shows the 17 criteria and associated ratings (“A” through “E”) and is 

color-scaled.  In general, “C” is typically designated as mostly neutral; “A” is largely positive; 

and “E” is largely negative.  Refer to appendix F2 for specific criteria descriptions and rating 

scales. 
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TABLE F5-1 

Summary Characterization Ratings for Reuse Options 
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Appendix F7 — Option Characterization – 
Local Supply 

1.0 Introduction 

Local supply options have been proposed to increase the overall water supply of the Colorado 

River Basin (Basin).  A number of local supply options were submitted for consideration in the 

Colorado River Basin Water Supply and Demand Study (Study). The submittals are summarized 

in appendix F2 and the original submittals are available via links from the electronic version of 

appendix F2 on the compact disc that accompanies this report and the version of appendix F2 on 

the Study website at http://www.usbr.gov/lc/region/programs/crbstudy.html.  

Four options related to local supply were received.  These options consisted essentially of two 

concepts: 

 Coal Bed Methane -Produced Water 

 Rainwater Harvesting 

Because of the scope and level of detail provided in the proposed options, the options groups 

were also used as representative options for the characterization process.  Figure F7-1 shows the 

general locations of the local supply options. In the figure, the hatched areas indicate the general 

location of the option implementation and the squares indicate where the supply would augment 

the river or where the demand would be reduced. 

This appendix summarizes the types of options received, the assumptions made and methods 

used to characterize the options, and the characterization results.  Additional detail related to the 

options characterization is included in appendix F3.  Attachment A of appendix F3 contains 

more detailed descriptions of the ratings.  Attachment B provides the methods used for 

completing the unit cost calculations.  Attachment C presents the detailed characterization 

information and is available on the compact disc that accompanies this report and on the Study 

website. 

 

 

  

http://www.usbr.gov/lc/region/programs/crbstudy.html
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FIGURE F7-1 

Generalized Locations of Local Supply Options 

  

2.0 Coal Bed Methane-produced Water 

Coal Bed Methane (CBM) is natural gas associated with coal deposits.  The gas is held in place 

by the hydrostatic pressure of the water that fills factures (cleats) within a coal deposit.  To 

produce gas from CBM wells, it is first necessary to reduce the hydrostatic pressure within the 

coal seam by pumping some of the water from the gas-bearing coal seams.  As water is pumped 

out of the formation and the hydrostatic pressure drops, the gas desorbs from the coal into the 

cleats and migrates into the well.  Generally, as the depth of the coal deposit increases, less water 

is present, and the salinity/total dissolved solids of the water is higher than for shallower 

deposits. 

The CBM industry has generally viewed and treated the produced water associated with gas 

recovery as a waste product that must be disposed of at the least possible cost, rather than as an 

asset that potentially could be used beneficially.  In most cases, CBM-produced waters are 

currently disposed of by injection into Class II underground injection wells.  This representative 

option considers treating the relatively high-salinity water and using it to augment supply in the 

Basin.   
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Yield estimates for CBM-produced water are based on recent CBM development data and 

production estimates combined with unit water production data specific to the Rocky Mountain 

region coal basins.  Potential CBM-produced water sources within the Basin are listed in table 

F7-1. 

TABLE F7-1 

Location of CBM Sources 

Basin/Location 
CBM Produced Trillion 

Cubic Feet (TCF) 

CBM Reserves (TCF) 

Proved Total Estimate 

San Juan (CO, NM) 9.464 8.547 10.2 

Piceance (CO) 0.039 
1.801 5.5 

Uinta (UT, CO) 0.413 

Greater Green River (WY, CO) 0.002 0.162 2.5 

Source: Study of Long-Term Augmentation Options for the Water Supply of the Colorado River System.  Colorado 

River Water Consultants. 2008. 

In contrast to conventional gas/oil wells, where water is produced in highest quantities during the 

later portion of the well’s life as production rates decline, CBM well water production is 

normally greatest immediately after the well is brought online.  When first placed online, a CBM 

well typically produces significant amounts of water (10 to 20 gallons per minute), with little or 

no gas production.  Within several months of initial operation, gas production is initiated, and 

water production begins to decrease as the coal seams become dewatered.  After 1 to 2 years of 

operation, water production rates per well can fall to as little as a few barrels of water per day as 

overlapping cones of depression for individual wells form in the producing area.   

For all wells (both new and extended production time wells), normalized average well lifetime 

production rates over approximately 10 years are reported to be between 2.5 and 4 gallons per 

minute (4 to 6.5 acre-feet per year [afy]).  An important factor in evaluating potential CBM-

produced water availability is the historical unit water production per well, which also varies 

considerably across the major coal basins.  Table F7-2 summarizes available data for produced 

water on a unit basis (water obtained per 1,000 cubic feet of CBM production). 

TABLE F7-2 

Unit Production of CBM-Produced Water 

Location 

Typical Production per CBM Well 

Water 
(Barrels/day) 

Gas 
Thousand 
Cubic Feet 

(MCF per day)  

Unit Water Production Per 
MCF of CBM 

Barrels Gallons 

Powder River Basin (MT, WY) 400 145 2.75 116 

Raton Basin (NM, CO) 266 200 1.34 56 

Uinta Basin (UT) 215 625 0.34 14 

San Juan Basin (NM, CO) 25 833 0.03 1.3 

Source: Study of Long-Term Augmentation Options for the Water Supply of the Colorado River System.  Colorado 

River Water Consultants. 2008. 
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Using the CBM reserves data and a conservative unit water production of 5 to 10 gallons per 

MCF of CBM gas, total potential produced water volumes for the four major coal basins located 

within the Basin are projected to be between 161,000 and 322,000 acre-feet (af) based on proved 

reserves and between 279,000 and 558,000 afy based on total estimated reserves.  For the 

purpose of this study, it was estimated that 4,000 and 14,000 afy of potential new supply could 

be developed considering the geographic distribution of the well sites. 

Regarding time required for implementation, existing CBM wells are already producing water.  

However, the infrastructure needed to treat and convey the water from the well sites to the 

supply area is required.  Additionally, to realize full-scale benefits, more CBM wells would have 

to be developed. For the Study, the time required to establish this method of treatment as a new 

supply source was assumed to be 5 years.  The needed infrastructure to treat and convey the 

water was assumed to need another 5 years for construction, and the development of additional 

wells could take up to 20 years.  Therefore, it would take 5 to 10 years to produce any water, and 

up to 20 years for large-scale benefits to be realized. 

Because of typically poor water quality in CBM wells, required treatment facilities are the 

principal factor in capital costs.  To treat 500 gallons per minute of CBM-produced water with a 

total dissolved solids concentration of 15,000 milligrams per liter, approximately $4 million in 

treatment facilities are required.  Intensive pre-treatment and reverse osmosis result in estimated 

annual operating costs of $600 to $635 per af of produced water.  Depending on well location, 

additional costs to convey the water could raise the total cost to as high as $5,000 per af.  For the 

Study, an average unit annual cost of $2,000 per af was assumed. 

Several other key characterizations were considered for the CBM-produced water option.  

National Pollutant Discharge Elimination System permits would be required to discharge the 

treated water into the watershed, and modifications to existing permits would be needed for brine 

disposal.  Permits required for new wells present the most unpredictable permitting issue.  Risks 

involved with implementation include the water source’s dependence on the highly volatile 

energy sector and the large spacing between wells, which increases operating costs and reduces 

flexibility.  Finally, the process is energy-intensive.  Water desalination would require 

approximately 1,600 kilowatts hours per af, and transporting the water from individual wells to 

collection sites would most likely be accomplished using trucks. 

3.0 Rainwater Harvesting 

Rainwater harvesting is the capture, diversion, and storage of rainwater for landscape irrigation 

and other uses (City of Albuquerque, 1999).  This representative option considers how individual 

household rainwater harvesting can increase local supply in some areas of the Basin, with 

particular emphasis on those areas that do not return flows to other users downstream. The 

analysis was limited to major urban areas of southern California, Arizona, and New Mexico that 

do not return water to the Basin.  

Yield estimates for individual rainwater harvesting are based on normal precipitation in specific 

regions combined with average roof size, landscaped area, and number of households.  A simple 

rainwater harvesting tool was developed that considered monthly precipitation, landscape area, 

landscape irrigation demand, roof size, and number of households to estimate the potential yield 

of rainwater harvesting systems.  Average roof size was estimated to be 2,000 square feet, and 

tank size was calculated to optimize yield under varying conditions.  Using a 500-gallon 
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collection tank at the household level and assuming supply is only used for outside landscape 

irrigation purposes, the potential yield was calculated for representative households.  The 

resulting representative household yield was then multiplied by the average number of 

households in the regions that do not have return flows to the hydrologic basin.  A 50 percent 

adoption rate was also assumed.  The resulting basin wide yield estimate is approximately 

75,000 afy. 

Rainwater harvesting is already being used in some areas of the Basin.  The concept is currently 

feasible; in many cases it does not require permitting and is simple to implement, with very little 

infrastructure.  Therefore, in locations where there is not a water rights issue, the 50 percent 

adoption rate used to estimate yield could be achieved within 5 years. Rivers providing native 

water to the adjacent areas of Colorado are over-appropriated; therefore, any rainwater 

harvesting projects would need to be augmented. Because local supplies are not available, 

augmentation would increase the use of Colorado River water. Similarly, Utah in particular, 

broad-scale rainwater harvesting would likely elicit water rights concerns to downstream water 

users and state law is currently restrictive.  In Colorado and Arizona, rainwater harvesting is not 

legal due to the prior appropriation system upon which Colorado and Arizona’s water systems 

are based.  Therefore, rainwater harvesting was not considered as a local supply option in 

Colorado, Arizona, or Utah. 

The cost for purchase and installation of a 500 gallon storage tank and irrigation modifications 

was assumed to be $1,000 per household.  Because of the limited storage capacity and the 

mismatched timing of rain events and demand, harvested rainwater only delivers approximately 

10 percent of outdoor demand, or approximately 0.02 per afy per household.  As a result, the 

calculated unit annual cost of water was estimated as $3,150 per af.  

Aside from the high capital cost for individual households, the rainwater harvesting options are 

easy to implement, are already practiced in many states, have no energy needs, and, depending 

on state and local laws, do not require any permitting.  

4.0 Characterization Results 

A summary of the characterization findings are shown in table F7-3.  The top portion of the table 

shows the estimated quantity of yield, earliest timing of implementation, and estimated cost.  The 

bottom portion of the table shows the 17 criteria and associated ratings (“A” through “E”) and is 

color-scaled.  In general, “C” is typically designated as mostly neutral (yellow); “A” is largely 

positive (green); and “E” is largely negative (red).  Refer to appendix F3 for specific criteria 

descriptions and rating scales. 

5.0 References 

City of Albuquerque. 1999. Rainwater Harvesting Supply from the Sky. 

Colorado River Water Consultants. 2008. Study of Long-Term Augmentation Options for the 

Water Supply of the Colorado. 
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TABLE F7-3 

Summary Characterization Ratings for Local Supply Options 
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Appendix F8 — Option Characterization – 
Watershed Management 

1.0 Introduction 
Watershed management options have been proposed to increase the overall water supply of the 
Colorado River Basin (Basin).  A number of watershed management options were submitted for 
consideration in the Colorado River Basin Water Supply and Demand Study (Study). Because of 
the scope and level of detail provided in the proposed options, the option groups are also used as 
representative options.  When potential yield of a representative option exceeds 200 kafy and the 
option is scalable, the representative option was characterized in progressive 200 kafy “steps”.  
The submittals are summarized in appendix F2 and the original submittals are available via links 
from the electronic version of appendix F2 on the compact disc that accompanies this report and 
the version of appendix F2 on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html.  

Ten options related to watershed management were received. The following submitted options 
were reviewed and organized into five groups according to the specific type of watershed 
management approach: 

• Tamarisk Control 
• Forest Management 
• Brush Control 
• Dust Control 
• Weather Modification 

Figure F8-1 shows the general locations of the watershed management options and their 
approximate extent. 

This appendix summarizes the types of options received, the assumptions made and methods 
used to characterize the options, and the characterization results.  Additional detail related to the 
options characterization is included in appendix F3.  Attachment A of appendix F3 contains 
more detailed descriptions of the ratings.  Attachment B provides the methods used for 
completing the unit cost calculations.  Attachment C presents the detailed characterization 
information and is available on the compact disc that accompanies this report and on the Study 
website. 

2.0 Tamarisk Control 
Control of invasive tamarisk trees has been proposed for riparian areas to reduce their overall 
consumptive use and increase streamflow.  The estimates for tamarisk control were based 
primarily on the Colorado River Basin Tamarisk and Russian Olive Assessment prepared for the 
Basin States1 by the Tamarisk Coalition in 2009. 

Yield estimates for all watershed management concepts were developed by evaluating the 
fundamental aspects of watershed hydrology related to the amount of runoff that is generated and 
                                                      
1 Arizona, California, Colorado, New Mexico, Nevada, Utah, and Wyoming. 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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then assessing the impacts of changes to basic runoff parameters.  In this case, the parameter 
proposed to be modified to increase runoff is reduction in evapotranspiration from tamarisk trees 
or a forest.   
FIGURE F8-1 
Generalized Locations of Watershed Management Options

 

Yield for tamarisk control was based on the area over which the measure was implemented and 
the change in evapotranspiration resulting from the vegetation management measure.  The 
estimated change in evapotranspiration was then related to the overall water balance to estimate 
the change in runoff associated with the measure.   

The total tamarisk acreage in the Basin has been mapped as 250,000 acres (Tamarisk Coalition, 
2009).  This value must be considered low because a significant amount of the data is point data 
with no actual acreage assigned to this information. If one-fourth of the total tamarisk acreage 
can be removed by a tamarisk management program, the total acres for the program are 60,000.  
Estimates of water savings by removal of tamarisk and replacement by other species range from 
zero and up to 1.5 acre-feet (af) per acre (Nagler et al., 2009).  A reasonable estimate for 
planning purposes is 0.54 af per acre (Tamarisk Coalition, 2009).  At that rate of water savings, 
conversion of 60,000 acres from tamarisk to other species would save 30,000 acre-feet per year 
(afy) of consumptive water use.   
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Although all of the vegetation management options are based on control of vegetative conditions 
to improve watershed runoff capabilities, there are significant differences in terms of areal extent 
and degree of current adoption that affect the evaluation of timing for implementation.  Tamarisk 
control is focused on removal of tamarisk in riparian areas and their replacement with species 
that do not consume as much water.  It was estimated that 2 years would be required to evaluate 
the feasibility of this practice.  This short duration reflects the widespread current adoption of 
these practices across the Basin, although at a much smaller scale than envisioned by this option.  
Permitting at the scale considered here would require approximately 5 years.  Implementation 
time is estimated to be 5 years based on the large area proposed for tamarisk control.  Therefore, 
the total time estimated for reduction in consumptive use through control of tamarisk is estimated 
to be 12 years. 

Cost estimates for tamarisk management options were derived primarily through literature 
research and actual project implementation experiences (Barz et al., 2009; Tamarisk Coalition, 
2009) and applying the costs to these concepts.  Cost estimates for tamarisk management 
measures are highly variable, due primarily to the variability in site conditions such as tamarisk 
density, which control the method to use, site access, etc.  The uncertainty relates not only to the 
costs of the practices used to accomplish tamarisk management but also to the effectiveness of 
these measures and the frequency with which the measures might have to be repeated. For 
example, some sites are better managed by more–frequent, smaller-scale removal than by less-
frequent, large-scale mobilization and activity. 

The Tamarisk Coalition has estimated that the unit annual costs of water saved by tamarisk 
management range from $260 to $1,050 per af (Tamarisk Coalition, 2009), with a Basin-wide 
average unit annual cost of less than $400 per af.  For the purposes of the Study, a unit annual 
cost of $400 per af was assumed.   

In addition to yield, timing, and cost, the tamarisk management options were characterized 
against several other criteria.  A summary of the findings for all criteria is shown in table F8-1.  
Key considerations related to technical feasibility, permitting, legal, and policy were largely 
covered in the descriptions related to option timing.  Tamarisk management ranked low on long-
term viability due to the uncertainty as to whether the quantity of yield could be achieved or 
maintained over time.  For operational flexibility, tamarisk management ranked low because the 
option cannot be idled from year to year without substantial loss of subsequent yield.  When 
considering hydropower, water quality, recreation, and other environmental criteria, options that 
resulted in more water in headwaters locations were rated high.  Socioeconomic impacts were 
generally judged to be neutral because all options created some jobs, although the number of jobs 
might vary from year to year. 

3.0 Forest Management 
Forest management entails the replacement of mature forests that have been cleared by 
harvesting, fires, or insect infestations with stands of replacement growth more likely to be 
favorable for generating runoff.  This option suggests that initial yield realization may be 
300,000 afy in forested areas of Colorado based on active management of 5 percent of 
Colorado’s forests and assuming 4 inches of increased yield (National Research Council, 2008).  
However, the increased yield is expected to rapidly decline as new growth begins to replace 
harvested areas.  The increased yield is anticipated to only last about 3 to 4 years and provide no 
benefit thereafter.  The concept may only be feasible if the approach is via selective harvest of 
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mature trees in areas where density is too high, combined with understory clearance. 
Characterization of this option was performed as increments of 200 thousand acre-feet per year 
(kafy) in order to capture issues of scale and other complexities of large-scale programs. 

Forest management of areas over which selective harvesting is practiced or over which extensive 
forest fires have occurred provide the opportunity for programmed revegetation.  The time to 
evaluate the feasibility of these activities was estimated as 7 years.  The timeframe for permitting 
was estimated to be 3 years, largely due to the consideration that these forest management 
activities are currently being practiced (MacDonald and Stednick, 2003), although not for 
purposes of increasing runoff.  The timing for implementation of forest management practices 
was estimated at 10 years to conform to timeframes of other forest management measures.  
Therefore, the total time for development of forest management options is estimated to be 
20 years.  

Cost estimates for forest management options were derived primarily through literature research 
and applying the costs presented in the literature to these concepts.  Cost estimates for forest 
management measures are generally highly uncertain.  The uncertainty relates not only to the 
costs of the practices used to accomplish forest management but also to the effectiveness of these 
measures and the frequency with which the measures might have to be repeated.   

The extent to which existing forest roads are available will have a significant impact on cost.  
Estimates of unit annual costs experienced by the US Forest Service for similar management 
activities ranged from $114 to $786 per acre, with estimates for individual forest areas between 
$215 to $1,500 per acre on a 20-year rotation (National Research Council, 2008, and Evans, 
2008).  The median unit annual cost value was $875 per acre.  Assuming a unit annual cost of 
$1,000 per acre on a 20-year rotation and annual maintenance costs of about 10 percent of that 
amount, the unit annual cost of additional runoff generated is approximately $500 per af.  This 
estimate is based on annualized costs of $160 per acre treated with each acre treated generating 
one-third of an af of additional runoff.  The resulting characterizations of other key criteria for 
this option were very similar to the tamarisk control option. 

4.0 Brush Control  
Brush control involves reducing brush and therefore reducing consumptive use by brush 
vegetation.  

Brush control may have limited benefit in arid regions.  It has been demonstrated that improved 
runoff conditions are unlikely for regions receiving less than 18 inches of rainfall annually (Ball 
and Taylor, 2008).  Most of the areas where brush control has been considered within the Basin 
are in the regions with less than 18 inches of annual precipitation.  For evaluation purposes, it 
was roughly assumed that in these arid areas average runoff is between 0.05 and 0.1 inch per 
year (Linsley et al., 1982).  The area covered by U.S. Bureau of Land Management (BLM) land 
in the Basin is approximately 100,000 square miles, resulting in a range of 250,000 to 500,000 
afy in total runoff.  Assuming brush control resulted in a 10 percent increase in runoff, between 
25,000 and 50,000 afy of net benefit would realized. 

Brush control on BLM land involves the conversion of vegetative cover from trees such as 
mesquite and juniper to native grasses.  This has been implemented over small areas, but not 
over the large area envisioned by this option.  The implementation would also require 
programmatic and financial support from federal and state agencies as well as coordination with 
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private contractors who are using the BLM land for grazing.  It was estimated that the time 
requirements for evaluation of feasibility would be 5 years, for permitting would be 5 years, and 
for phased implementation would be 5 years, for a total of at least 15 years for availability of 
increased runoff from brush control on BLM land.  

The preferred method of control would be spraying the brush with herbicides formulated for 
control of the selected variety of brush, followed by mechanical removal of the brush, and then 
seeding with native grasses to revegetate the affected areas.  Chemical spraying costs about $30 
per acre and has to be repeated at about 10-year intervals (Research & Planning Consultants, 
2000).  If yields could be achieved and maintained, the unit annual cost would approximately be 
$7,500 afy per year. 

Other key criteria were characterized similarly to the other two vegetation management options. 

5.0 Dust Control 
These options propose to control land-based dust sources that contribute to dust accumulation on 
snow, which changes the albedo, or reflective power, of the snow and results in earlier snowmelt 
(Painter et al., 2007, 2010 and 2012; Skiles et al., 2012) and more evaporative moisture losses.  
By implementing measures to reduce the accumulation of dust on snow, lower evaporative losses 
are anticipated.  This is a relatively new concept supported by recent literature (Painter et al., 
2007). 

Referenced modeling studies by the National Oceanic and Atmospheric Administration (Painter 
et al., 2010) and others indicate that as much as 800,000 afy might be recovered by controlling 
the amount of dust accumulating on snow.  However, these studies do not address the practicality 
of implementing measures to control dust generation in the large area of the Colorado Plateau.  
Management practices to reduce dust emissions may include soil fences, straw grids, and/or 
revegetation. Another promising although largely untested technique involves the spray 
application of cyanobacteria to promote the formation of biological soil crusts that reduce 
erosion. 

Due to the uncertainty about the effectiveness of measures to control the generation of dust and 
prevent its deposition on snow, the amount of additional runoff that could be obtained was 
estimated to be no more that 50 percent of the total potential amount, or 400,000 afy. 
Characterization of this option was performed as two increments reflecting a more focused 
program of “hot spot” regions for the first 280 kafy, and a more distributed program for the 
remaining 120 kafy.  Characterization of this option was performed as increments of 
200 thousand acre-feet per year (kafy) in order to capture issues of scale and other complexities 
of large-scale programs. 

The primary factor in determining the timing of increased runoff through dust control measures 
is the relatively large portion of the Colorado Plateau and the Great Basin over which dust 
control practices would need to be implemented. The large areal extent led to estimates of 5 
years to evaluate effectiveness, followed by 5 years for permitting, and 5 years for the first phase 
of implementation, for a total of 15 years.  The essential element of implementation is the 
widespread adoption of practices to minimize wind erosion over large areas.  This is most likely 
to be accomplished through financial, regulatory, and educational measures promoted at both 
federal and state levels. 
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To approximate the cost of programs for dust management, it was assumed that conversion of the 
erodible lands to native grasses would require practices similar to enrollment in the 
U.S. Department of Agriculture’s Conservation Reserve Program (2008). These costs were 
estimated for clearing the land by root plowing and then reseeding with native grass. It was also 
assumed that periodic maintenance by spraying would be required at approximately 10-year 
intervals.  Based on the costs of these practices, an annual average cost of $15 per acre was 
derived.  Implemented over an area of 10,000 square miles, the annualized cost per af of 
increased yield is $500. Although the eventual dust control program may implement a variety of 
control measures, these technologies are not yet established for the Basin. 

Other key criteria were characterized similarly to other watershed management practices. 

6.0 Weather Modification 
This watershed management concept features two mechanisms that have been proposed for 
increasing precipitation over the Basin.  The first is by cloud seeding, particularly to increase 
snowfall in mountain regions.  The second is by creating more inland seas to increase the amount 
of atmospheric moisture due to increased evaporation. 

Many earlier studies were summarized in a report prepared by the Metropolitan Water District of 
Southern California (Ryan, 2005).  This report indicates that cloud seeding in runoff- producing 
areas could generate as much as 1.1 to 1.8 million additional afy in the Upper Basin and as much 
as 830,000 afy in the Lower Basin and adjacent basins.  The report concluded that the potential 
maximum amount that could be generated from cloud seeding to provide additional runoff would 
be about 1,700,000 afy. Characterization of this option was performed as increments of 200 kafy 
in order to capture issues of scale and other complexities of large-scale programs. 

There has been a long history of weather modification activities throughout the Basin.  Based on 
these existing practices, no additional time would be required for feasibility or permitting.  
Implementation could be completed in 5-year phases. 

For weather modification by cloud seeding, separate cost estimates were derived from the 
California Department of Water Resources and from the documentation provided in the Study of 
Long-Term Augmentation Options for the Water Supply of the Colorado River System (Colorado 
River Water Consultants, 2008).  The California Department of Water Resources (2005) 
indicated that cloud seeding produced 300,000 to 400,000 af of additional runoff at a cost of 
around $7 million.  The investigations associated with the augmentation study led to a unit 
annual cost estimate of $20 to $30 per af. 

The other weather modification option proposed was to increase atmospheric moisture and 
thereby precipitation by creating more inland seas.  Research (Trenberth, 1999) has indicated 
that less than 3 percent of precipitation is derived from local evaporation in the Southwest, 
though estimates based on moisture budget suggest higher precipitation-recycling ratio 
(Anderson, 2009).  Not all local evaporation contributes to moisture that is recycled as 
precipitation in the hydrologic basin.  Therefore, while increasing evaporation may marginally 
increase precipitation, it is likely that the water balance change is negative. A yield value of zero 
was assigned.  

In addition to yield, timing, and cost, the watershed management options were characterized 
against several other criteria.  Key considerations related to technical feasibility, permitting, 
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legal, and policy were largely covered in the descriptions related to option timing.  Many of the 
options ranked low on long-term viability due to the uncertainty related to whether the quantity 
of yield could be achieved or maintained over time.  For operational flexibility, weather 
modification ranked high for this criterion because it can be easily implemented on various 
scales from year to year.  When considering hydropower, water quality, recreation, and other 
environmental criteria, options that resulted in more water in headwaters locations were ranked 
positively.  Socioeconomic impacts were generally judged to be neutral because all options 
created some jobs, although the number of jobs might vary from year to year. 

7.0 Results 
A summary of the characterization findings are shown in table F8-1. The top portion of the table 
shows the estimated quantity of yield, earliest timing of implementation, and estimated cost.  The 
bottom portion of the table shows the 17 criteria and associated ratings (“A” through “E”) and is 
color-scaled.  In general, “C” is typically designated as mostly neutral (yellow); “A” is largely 
positive (green); and “E” is largely negative (red).   
Refer to appendix F3 for specific criteria descriptions and rating scales.  Options that yield more 
than 200 kafy were broken into 200 kafy steps and numbered sequentially (e.g., Watershed-
Forest Step 1, Watershed-Forest Step 2, etc.). 
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TABLE F8-1 
Summary Characterization Ratings for Watershed Management Options 
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Appendix F9 — Option Characterization – 
Municipal and Industrial Water Conservation 

1.0 Introduction 

Development of additional municipal and industrial (M&I) water conservation was proposed to 

further reduce the overall M&I water demand in areas currently relying on water supply from the 

Colorado River system.  A number of M&I conservation options were submitted for 

consideration in the Colorado River Basin Water Supply and Demand Study (Study). The 

submittals are summarized in appendix F2 and the original submittals are available via links 

from the electronic version of appendix F2 on the compact disc that accompanies this report and 

the version of appendix F2 on the Study website 

at http://www.usbr.gov/lc/region/programs/crbstudy.html.  

Several of the submitted options suggested specific conservation measures, many of which have 

been implemented at locations in the Study Area.  The total potential yield of M&I conservation 

exceeds 200 kafy, therefore the representative option was characterized in progressive 200 kafy 

“steps” to represent potential project phasing.  Figure F9-1 shows the primary M&I demand 

locations. 

This appendix summarizes the types of options received, the assumptions made and methods 

used to characterize the options, and the characterization results.  Additional detail related to the 

options characterization is included in appendix F3. Attachment A of appendix F3 contains more 

detailed descriptions of the ratings.  Attachment B provides the methods used for completing the 

unit cost calculations.  Attachment C presents the detailed characterization information and is 

available on the compact disc that accompanies this report and on the Study website. 

2.0 Overall Approach 

27 options were submitted that related to additional M&I conservation to reduce demand in areas 

receiving Colorado River supply.  Many of these options were related to specific M&I 

conservation programs (e.g., water auditing, xeriscaping, inclining block rates, etc.) or targeted 

specific M&I water use sectors (e.g., golf courses, industrial use) that might provide additional 

opportunities for M&I conservation in the Colorado River Basin (Basin) as a whole.   

Three representative options were developed from the submitted options, reflecting different 

degrees of additional M&I conservation.  The representative options consist of three “levels” of 

conservation, with progressively ambitious goals (Level 1, Level 2, and Level 3) that would be 

implemented sequentially.  The representative options reflect conservation in addition to that 

already included in the demand scenarios in the Study.  

  

http://www.usbr.gov/lc/region/programs/crbstudy.html
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FIGURE F9-1 

Primary M&I Demand Locations 

 

3.0 Overall Approach 

Approximately 50 options were submitted that related to additional M&I conservation to reduce 

demand in areas receiving Colorado River supply.  Many of these options were related to 

specific M&I conservation programs (e.g., water auditing, xeriscaping, inclining block rates, 

etc.) or targeted specific M&I water use sectors (e.g., golf courses, industrial use) that might 

provide additional opportunities for M&I conservation in the Basin as a whole.   

Three representative options were developed from the submitted options, reflecting different 

degrees of additional M&I conservation.  The representative options consist of three “levels” of 

conservation, with progressively ambitious goals (Level 1, Level 2, and Level 3) that would be 

implemented sequentially.  The representative options reflect conservation in addition to that 

already included in the demand scenarios in the Study.  

These levels of additional M&I demand reduction would likely be implemented through use of 

progressively ambitious water conservation best management practices (BMP) and adoption 

rates targeting residential indoor; commercial, institutional, and industrial (CII); outdoor 

landscaping; and water loss demand.  
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Because levels of current and projected future conservation vary throughout the Study Area, 

different levels of potential savings are possible for a given conservation measure.  These 

savings range from essentially no savings where measures have been fully implemented to 

significant savings where measures have not been implemented or where adoption rates are 

relatively low.  Disaggregating the savings potential by conservation measure and individual 

location was beyond the scope of the Study.  Instead, M&I conservation measures were 

considered for the entire Study Area with the acknowledgement that, despite state and regional 

differences in current levels of conservation and potential for future conservation, additional 

conservation is achievable on a Study Area-wide basis.  Likewise, it was assumed that additional 

conservation is due to an “active” incentive-based program, such as paying for conversion of turf 

to xeriscape, toilet replacement, etc.   

Table F9-1 presents a list of the types of urban water conservation BMPs included in several 

guidance and water planning documents produced for the Study Area.  These include BMPs in 

guidance documents from California, Colorado, and the U.S. Environmental Protection Agency 

(EPA).  In addition, table F9-2 presents a list of BMPs considered in the conservation planning 

aspects of the Metropolitan Water District (MWD) of Southern California’s Integrated Resources 

Plan (2010).  These lists include BMPs that are considered in many M&I water conservation 

plans and are consistent with the BMPs included in statewide and regional documents and 

studies by the California Urban Water Conservation Council (CUWCC) (2005), Colorado Water 

Conservation Board (CWCB) (2010), and CALFED (2006).   

Many of these BMPs have already been enacted throughout the Study Area, resulting in 

significant conservation savings.  For example, a recent study of municipal deliveries of 

Colorado River water (Pacific Institute, 2010) found that most of the municipalities receiving 

Colorado River water had produced significant reductions in per capita water deliveries for the 

period 1990 to 2008.  A number of states, including California and Utah, have programs in place 

that require a certain amount of reduction over time, such as California’s 20x2020 program 

(California Department of Water Resources, 2010).  Arizona has a statewide conservation plan 

and specific conservation requirements associated with individual Active Management Areas 

(Arizona Department of Water Resources, 2008).  Likewise, a number of individual 

communities, including Albuquerque, Denver, Las Vegas, Phoenix, and Tucson, have specific 

M&I conservation goals.  The associated conservation programs employ many of the BMPs 

shown in tables F9-1 and F9-2.   
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TABLE F9-1 

Example Urban BMPs for Water Conservation  

California Urban Water 
Conservation Council (2005, 2011) 

Colorado Statewide Water 
Supply Initiative (CWCB, 2010) 

EPA Water Conservation Plan 
Guidelines (EPA,1998) 

Residential Survey Programs Metering Universal Metering 

Residential Plumbing Retrofit Plumbing Codes and Fixture 
Standards 

Water Accounting and Loss 
Control 

System Water Audits Public Education  Costing and Pricing 

Metering w/Commodity Rates Leak Detection Information and Education 

Large Landscape Conservation Water Audits (indoor, 
commercial, and landscape) 

Water Use Audits 

High Efficiency Clothes Washers Irrigation Efficiency Evaluations Retrofits 

Public Information Programs High-efficiency Fixture and 
Appliance Replacement 

Pressure Management 

School Education Programs Rebates for Toilets and Washers Landscape Efficiency 

Commercial Industrial Institutional Turf Replacement and 
Restrictions 

Replacements and Promotions 

Wholesaler Agency Assistance 
Programs 

Pricing and Surcharges Water Use Regulation 

Conservation Pricing Fixture Retrofit on Sale of 
Property 

Reuse and Recycling 

Conservation Coordinator Eliminate High-Water Use 
Landscape 

Integrated Resource 
Management 

Water Waste Prohibitions Elimination of Single-Pass 
Cooling 

 

Residential Ultra-Low Flush Toilet 
Replacement Programs 

Non-water Using Urinals in Non-
Residential  

 

Note that an amended Memorandum of Understanding was signed on 9/14/2011 that revised the list shown 
for the CUWCC.  The revision included a re-categorization of the above broad BMPs, as found at 
http://www.cuwcc.org/mou/exhibit-1-bmp-definitions-schedules-requirements.aspx. 

 

  

http://www.cuwcc.org/mou/exhibit-1-bmp-definitions-schedules-requirements.aspx


Appendix F9 — Option Characterization – 
Municipal and Industrial Water Conservation 

 
 

December 2012 F9-5 

TABLE F9-2 

Example BMPs Considered in MWD’s Integrated Resource Planning (MWD, 2010) 
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In order to examine the potential for additional M&I conservation and to explore the range of 

costs and other factors, three levels of conservation were considered based on assumed levels of 

reductions and adoption (or penetration) rates for residential indoor, CII, landscape, and water 

loss.  Table F9-3 presents the assumptions for Level 1, Level 2, and Level 3 conservation.  The 

levels of reduction in table F9-3 are based on estimates of the use rates by demand type in 2015 

(e.g., ~69 gallons per capita per day [gpcd] Study Area indoor water use).  The assumptions in 

table F9-3 were derived from state of Colorado (Colorado Water Conservation Board, 2011) and 

California (CALFED, 2006) approaches and applied to Study Area projected demand to result in 

a Basin-wide estimate of potential water savings. The assumptions were derived for purposes of 

the Study and do not necessarily reflect realistic or achievable local conservation goals.   

TABLE F9-3 

Municipal and Industrial Water Conservation Assumptions 

 Level 1 Level 2 Level 3 

Residential Indoor 

Indoor gpcd 60 50 40 

Adoption rates  50% 60% 70% 

Example types of BMPs: Public education programs, conservation-oriented plumbing and building codes, 
residential water surveys, high-efficiency showerheads and faucets, ultra low-flow toilets, efficient clothes washers, 
meter retrofits.  

Commercial, Institutional, and Industrial  

Target reduction in demand 15% 25% 30% 

Adoption rates 50% 60% 70% 

Example types of BMPs: Public education programs, conservation-oriented plumbing and building codes, green 
building codes, CII surveys and audits, high-efficiency faucets and fixtures, ultra low-flow toilets, high efficiency 
clothes waters, dishwasher high-efficiency pre-rinse spray valves, meter retrofits, efficiency in industrial processes 
and cooling . 

Outdoor Landscaping 

Target reduction in demand 15% 25% 35% 

Adoption rates 50% 60% 70% 

Example types of BMPs: Public education programs, conservation-oriented pricing, large landscape water surveys 
and audits, evapotranspiration-based irrigation controllers, large landscape separate metering, irrigation efficiency 
improvements, conversion of turf to lower water use landscaping. 

Water Loss 

Target water loss  7% 7% 7% 

Adoption rates 50% 60% 70% 

Example types of BMPs: Utility water loss control, supply system audits and leak detection programs. 

Conservation levels from estimated use rates by demand type in 2015. 

4.0 Potential M&I Conservation Measures  

4.1 Residential Indoor Conservation Measures  

The minimum indoor residential water use was assumed to be about 45 gpcd for “existing 

homes”, based on research from the American Water Works Association (1999) and recent 

analysis of residential water use performed for EPA (Aquacraft, 2011).  “New homes” were 
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assumed to potentially achieve a minimum 35.6 gpcd based on EPA research of “high 

efficiency” new homes under the WaterSense program specifications.  These data were assumed 

to bracket a minimum “potential” for residential indoor gpcd.  Residential indoor yield was 

calculated for a given level of conservation based on a per capita use target and an assumed 

adoption rate.   

4.2 CII Conservation Measures 

CII water use is highly variable in the Study Area and is heavily dependent on the mixture and 

type of industry in the community.  Without further characterization and study, a “minimum” CII 

rate estimate would be highly speculative.  Instead, it was assumed that a CII demand could be 

reduced by a percentage of total CII demand through the implementation of standard BMPs, as 

outlined in programs by CUWCC (2005, 2011), CWCB (2010), and others.  CII demand 

reduction was calculated for a given level of conservation based on a reduction target and an 

assumed adoption rate.  Reductions in CII demand were consistent with the range of CII 

reductions contemplated in Colorado’s SWSI 2010 Municipal and Industrial Water Conservation 

Strategies (CWCB, 2011). 

4.3 Outdoor Landscaping Conservation Measures 

Outdoor water use within an M&I service area is primarily for lawn irrigation and landscaping at 

single-family homes, neighborhood/community parks, golf courses, commercial building 

landscaping, and median landscaping.  The estimated minimum outdoor water use in a 

community is based on assumptions related to levels of landscape area and percent of turf that 

may exist in the future, while maximizing the water efficiency of the required irrigation.   

It was assumed that outdoor use could be reduced by a percentage of total outdoor use through 

the implementation of standard BMPs as outlined in programs by CUWCC, CWCB, and others.  

Outdoor use reduction was calculated for a given level of conservation based on a reduction 

target and an assumed adoption rate.  Reductions in outdoor demand were consistent with the 

range of outdoor reductions contemplated in Colorado’s SWSI 2010 Municipal and Industrial 

Water Conservation Strategies (CWCB, 2011).  However, as documented in the Metropolitan 

Round Table Conservation Paper, Colorado Front Range municipalities agree that, although 15 

percent is reasonable, higher levels may be hard to achieve. 

4.4 Water Loss Reductions 

Water loss occurs in water utilities’ distribution systems and represents an opportunity for water 

conservation.  Distribution system auditing, leak detection and repair, replacement of aging 

infrastructure, and recurring maintenance activities can reduce the loss between diversion and the 

meter at the house or business.  These water loss reduction measures are applied at the 

municipality or utility level and reflect an increase in the accounting and control over water 

distribution.  Water loss reduction was calculated based on a target water loss percentage of 7 

percent and an assumed adoption rate that varies by level of conservation.   

5.0 Regional Considerations 

The potential M&I water conservation measures are assumed to apply to the overall Study Area, 

but significant differences in potential water savings exist between geographies based on the 
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current level of conservation adoption, commercial and industrial base, and climate.  In addition, 

because return flows augment river flow for in-Basin locations, indoor conservation has little to 

no net effect on water demand.  For in-Basin locations, only reductions in consumptive use will 

reduce overall Colorado River system demand as the return flows from the urban areas is 

returned to the Colorado River.  In addition, the amount of reduction in Colorado River demand 

varies by location.   

In many of the major urban areas receiving Colorado River water, the overall water supply 

provided to communities consists of a significant portion of other supplies (other surface 

supplies, groundwater supplies, reuse, etc.) in addition to Colorado River water.  In most of these 

out-of-Basin areas, the supplies are comingled in the water supply and distribution systems 

before delivery to the consumer.  Because the conservation measures are end-use water demand 

reductions, the water savings result in a net demand reduction.  In these areas, the net M&I 

demand reductions may not result in the same amount of demand reduction for Colorado River 

water.  This is the result of the distributed nature of conservation efforts and the inability of 

conservation to target one type of supply in regions that have diverse water supply portfolios.  

For example, MWD’s service area receives approximately 40 percent of its total water supply 

portfolio from the Colorado River, as noted in Technical Report C – Water Demand Assessment, 

whereas northern California supplies via the State Water Project, Los Angeles Aqueduct 

supplies, local surface and groundwater supplies, and reuse contribute the remaining supply.  

Water conservation will reduce the overall demand on these supplies collectively, but is not 

likely to result in a one-for-one reduction in Colorado River demand.  However, an overall 

reduction in demand could potentially reduce demands on each supply source, resulting in an 

overall benefit.  Alternatively, reductions in consumptive use in Nevada result in an equal 

potential reduction in Colorado River demand.   

In many adjacent areas, including the Front Range of Colorado, water exported from the Basin is 

reused essentially to extinction. Municipal conservation in these areas reduces the amount of 

water available for reuse, and does not result in a one-for-one reduction in Colorado River 

demand. 

In many areas, the marginal cost of water from the Colorado River is lower than for other new 

supplies, and it is likely that M&I water conservation may result in the deferral of the 

development of new supplies rather than direct reductions in Colorado River system demand.  

However, for the purposes of the Study it was assumed that water conservation savings would be 

allocated to the supply sources in proportion to their contribution to the overall water supply 

portfolio.  For the entire Study Area, the average Colorado River system M&I demand is about 

40 percent of the total Study Area M&I demand.  However, because these demand reductions 

benefit more than just Colorado River water users, the costs of achieving these reductions was 

assumed to be shared by the beneficiaries. 

6.0 Implementation Approaches 

The primary implementation approach under consideration for M&I water conservation is an 

incentive-based program.  M&I water conservation programs are typically implemented through 

adoption and verification of a broad suite of BMPs such as those described previously.  Public 

education programs, regulations dictating standard practices for new development, and incentive- 

based programs encouraging more efficient water use are typically implemented.  These 
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programs provide the necessary incentives (financial or otherwise) to achieve the levels of 

conservation.  Financial incentives provide a cost share for implementation of BMPs and have 

been widely used to facilitate conversion to higher-efficiency fixtures and toilets.  These types of 

mechanisms are anticipated to continue to be widely used to achieve higher levels of 

conservation in areas served by Colorado River system water.  Non-incentive based approaches 

are considered as well, consistent with the BMP examples shown in table F9-3.  Both approaches 

are effective and contribute to market transformation, which provides reliable long-term water 

savings. 

7.0 Quantity of Yield 

As described in Technical Report C – Water Demand Assessment, M&I water conservation 

measures have been implemented at locations throughout the Basin, resulting in significant 

reductions from historical per capita use.  Demand scenarios developed for the Study include, to 

varying degrees, by both scenario and location, some portion of passive conservation (resulting 

from outside entities/programs, such as federal standards) and active conservation (resulting 

from active state and local programs).  In general, consideration of active programs was limited 

to those already in place or logically following the storyline for a given demand scenario (e.g., 

social values of the Enhanced Environment scenario). 

Considerable conservation is included in these demand scenarios.  Table F9-4 provides an 

estimate of the conservation savings included in each of the six water demand scenarios.  The 

conservation savings is calculated based on estimates of what future Colorado River system 

water demand would be in these scenarios at 2060 in the absence of decreasing per capita water 

use rates (Technical Report C – Water Demand Assessment provides a complete description of 

the demand scenarios).  As shown in the table, the conservation considered in the demand 

scenarios ranges from 300 thousand acre-feet per year (kafy) to more than 1.1 million acre-feet 

per year (mafy) depending on the assumptions within each scenario regarding degree of per 

capita water demand reductions. 

TABLE F9-4 

Estimated M&I Conservation Savings by 2060 (afy) Included in Demand Scenarios 

 

Current 
Projected 

(A) 

Economic 
Slowdown 

(B) 

Expansive 
Growth 

(C1) 

Expansive 
Growth 

(C2) 

Enhanced 
Environment 

(D1) 

Enhanced 
Environment 

(D2) 

Estimated Savings 
from 2015 Level 
Use Rates  

478,000 296,000 621,000 1,048,000 1,052,000 1,114,000 

 

Additional conservation beyond that included in the demand scenarios was considered in the 

three additional conservation levels (Level 1, 2, and 3).  The demand reductions from each of 

these levels were computed using the assumptions in table F9-3 applied to the M&I demand over 

the entire Study Area.  Estimates of level of demand and conservation potential in residential, 

CII, outdoor landscaping, and water loss were developed based on regional and Study Area 

estimates.  The potential conservation was assumed to apply proportional to all M&I demands 

within the Study Area.  However, the areas of greatest M&I demand are outside of the 

hydrologic basin and generally include a portfolio of water supplies (groundwater, local supplies, 
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other imports, etc.) including Colorado River water.  The supplies each have their own cost, 

reliability, water quality, and other factors that lead to agency preferences related to which 

supply (current or future) would be reduced under lower demand scenarios.  Under purely 

financial considerations, it is unlikely that the Colorado River supply is the marginal supply in 

the portfolio.  Given the complexity of regional and local water management decisions, it was 

assumed that reductions in Study Area M&I water demand as part of these options are 

distributed proportionally to the magnitude of supplies from the Colorado River and non-

Colorado River sources.   

Table F9-5 presents the estimated M&I water conservation savings associated with the Level 1, 

2, and 3 assumptions.  These values represent the sum of the potential conservation in the Study 

Area for residential, CII, outdoor landscaping, and water loss measures compared to the scenario 

demand at 2060.  The last row shows the potential reduction that might accrue to the Colorado 

River demand.  The Basin demand reduction is substantially lower because the major urban areas 

are located outside of the hydrologic basin and have diversified portfolios of supplies to which 

the benefits would likely accrue.  This aspect is an important consideration in Basin water 

planning.  Water conservation in the areas served by Colorado River or tributary water would 

likely have benefits for reducing demand on all supplies in the service areas, but may have a less 

than one-for-one benefit for reducing Colorado River system demands.  

The areas of greatest potential for savings are residential indoor and outdoor landscaping water 

conservation measures.  Conservation measures within these two categories represent almost 80 

percent of the total M&I water conservation potential estimated in this evaluation.  

TABLE F9-5 

M&I Conservation Savings (afy) for the Current Projected Scenario by 2060 

 Level 1 Level 2 Level 3 

Study Area 

Residential  94,000 532,000 1,110,000 

CII 77,000 237,000 362,000 

Landscape 164,000 509,000 958,000 

Loss 125,000 149,000 174,000 

Total 459,000 1,428,000 2,604,000 

Colorado River System 

Estimated Colorado River System Demand 
Reduction 185,000 576,000 1,051,000 

 

The M&I conservation options included here are based on conservation in addition to that 

already included in the demand scenarios.  However, because the Study considers six distinct 

water demand scenarios that have different levels of both passive and active conservation, the 

conservation levels may generate a different magnitude of savings when compared to different 

scenarios.  Table F9-6 shows the cumulative potential reduction in Colorado River system 

demand for each of the six water demand scenarios and for each conservation level.  For all  
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options, these values represent the additional demand reduction by 2060.  The actual demand 

reduction would ramp up over time as conservation measures are applied more aggressively and 

adoption rates are expanded.   

TABLE F9-6 

Reductions in Colorado River System Demand (afy) for Each Demand Scenario and Conservation Level at 2060 

Conservation 
Level 

Current 
Projected 

(A) 

Slow 
Growth  

(B) 

Rapid 
Growth  

(C1) 

Rapid 
Growth 

(C2) 

Enhanced 
Environment  

(D1) 

Enhanced 
Environment 

(D2) 

Level 1 185,000 187,000 207,000 56,000 44,000 55,000 

Level 2 576,000 504,000 681,000 427,000 238,000 383,000 

Level 3 1,051,000 888,000 1,258,000 960,000 654,000 908,000 

 

Significant water conservation has occurred in the recent decades through most urban centers in 

the Study Area.  The M&I water conservation savings realized in the demand scenarios and 

potential additional measures will likely occur at a lower annual rate than what has been 

observed in recent historical periods due to differing types of conservation measures and greater 

adoption rates that will need to be included.  As noted for other options, in order to represent the 

challenges associated with increasing scale, when options exceed a 200 kafy yield, they are 

generally assumed to be implemented in 200-kafy steps.  For example, for the Current Projected 

(A) scenario, M&I conservation options would be available in six steps, at 200 kafy each for the 

first five steps and at 51 kafy for the final step.  These steps are assumed to proportionally 

implement progressive amounts of the individual levels noted in the table.  For example the first 

step of conservation will implement 185 kafy of “Level 1” practices and 15 kafy of “Level 2” 

practices.    

Figure F9-2 shows the resulting Basin-wide savings for the Level 1, 2, and 3 conservation levels 

compared to the Current Projected scenario.  
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FIGURE F9-2 

Estimated Water Conservation Savings (af) in Current Projected Scenario and Additional Conservation Levels 

 

 

8.0 Timing of Option Availability 

Because the M&I water conservation options would be ramped over time, each of the options 

could begin implementation with benefits starting to accrue within 5 years.  The conservation 

program would need to be established, commitments of Basin-wide BMPs, and measures to 

assess per capita water use baselines and performance would be agreed upon before 

implementation.  The potential savings of the options would be small in the early years of 

implementation and grow over time.  

Ultimate savings for each level are assumed to occur in 2060, with the savings progressively 

ramping from 2015 through 2060.  However, it is possible that adoption rates could be slower or 

faster than those included in the conservation level assumptions.  In addition, Conservation 

Level 2 would in all likelihood need to have adopted all Conservation Level 1 measures, and 

Conservation Level 3 would need to have adopted most of the measures and achieved adoption 

rates from Conservation Level 2.  
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9.0 Costs 

Costs for implementing M&I water conservation vary by measure, location, and timing.  The 

BMPs shown in figure F9-3 are intended to represent a range of potential measures for cost 

considerations.  This figure presents representative BMPs and their associated costs from the 

Water Use Efficiency Comprehensive Evaluation, (CALFED, 2006).  Costs for the options were 

amalgamated by demand type (residential indoor, CII, outdoor, and water loss).  It was generally 

assumed that the most cost-effective BMPs would be implemented first, followed by 

progressively more-costly measures.  However, suites of BMPs are generally implemented when 

an agency is implementing water conservation programs.  For this reason, an average cost of 

various BMP suites was assumed.  Based on historical conservation levels within the Study Area, 

it was assumed that foundational BMPs related to education and staffing were largely embedded 

in the demand scenarios and these costs were not included.  Conservation Level 1 was assumed 

to be the average cost of available BMPs within the demand type (residential, CII, outdoor 

landscaping, and water loss).  Conservation Level 3 costs were assumed to be the average of the 

more-expensive BMPs within the M&I demand type, and Conservation Level 2 costs were 

assumed to be between these costs.  

FIGURE F9-3 

Average Costs of Various M&I Water Conservation BMPs (dollar per afy)  

SF=single family, MF=multi-family Source: CALFED, 2006 

 

 

These BMPs were grouped by demand type and used to assign costs to the conservation levels.  

In addition, a landscape replacement cost was developed based on a $2 per square foot rebate for 
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xeriscaping 1,500 square feet of turf using the range of information from the Southern Nevada 

Water Authority (2005), the City of Peoria, Arizona (2012) the City of San Diego (2012), and 

Albuquerque Bernalillo County Water Utility Authority (2012) turf conversion programs.  These 

costs were amortized at 4.125 percent over 20 years, consistent with other option cost estimates.  

Table F9-7 presents the estimated costs per af of water conservation savings to implement the 

suite of BMPs for each conservation level.  The unit annual costs range from roughly $350 to 

$1,400 per afy reduction in demand.  CII and outdoor landscaping water conservation measures 

represent the most cost-intensive measures.  Based on the assumption that the water conservation 

savings result in proportional savings to all supplies contributing to Study Area delivery, the 

demands for Colorado River system water may only be reduced by about 40 percent of the total 

Study Area demand reduction.  However, it was assumed that the cost to Colorado River system 

water users is solely for the reduction (benefit) that they achieved and that “other” beneficiaries 

would pay for their portion of the overall benefit.  It is quite possible that M&I water 

conservation in some regions outside of the hydrologic basin may result in little to no reduction 

in Colorado River demand due to cost considerations within the region’s water supply portfolio.   

TABLE F9-7 

Estimated Costs per af Demand Reduction for Each Conservation Level at 2060  

Costs (afy) for Demand Reduction by Category  

 Level 1 Level 2 Level 3 

Residential Indoor  $ 350 $ 450 $ 550 

CII $ 550 $ 900 $ 1,200 

Outdoor Landscape $ 700 $ 1,050 $ 1,400 

Water Loss $ 350 $ 350 $ 350 

Total $ 500 $ 750 $ 950 

 

Per capita water use varies widely across the states and across planning areas within states 

because of differences in climate conditions, economic and demographic conditions, industry 

and recreation composition, and level of historical conservation efforts.  The conservation 

options described here are applied as a Basin-wide percent reduction in M&I demand.  It should 

be recognized that in reality some regions could achieve the targets more cost- effectively than 

regions that have had active conservation programs in place for several decades. 

10.0 Other Key Criteria 

In addition to yield, timing, and cost, the M&I conservation options were characterized for 

several other criteria.  A summary of the findings for all criteria is shown in table F9-8.  In 

general, these options are highly feasible, with existing examples in areas of the Southwest and 

in other arid regions of the world.  Programs of this scale are underway at state levels, but have 

not been demonstrated on basins of the scale of the Colorado River in North America.  Based on 

the targeted BMPs and quantity of yield, these options are likely to become progressively more 

difficult to implement moving from Level 1 to Level 3.  Likewise, as conservation becomes 

more successful, the ability to reliably maintain a given level becomes somewhat more difficult 



Appendix F9 — Option Characterization – 
Municipal and Industrial Water Conservation 

 
 

December 2012 F9-15 

through the result of demand hardening – less discretionary use.  It is not anticipated that 

permitting or legal changes will be required to implement most conservation measures, but 

agreements will be required on the methodology and institutional structure to implement in this 

multi-jurisdictional Basin.  Some policy changes may be required to fully implement the Level 3 

assumptions depending on implementation, in that large-scale landscape conversion to xeriscape 

will be required.  There is some implementation risk in that yields will fluctuate over time, and 

programs will require continuous funding to maintain overall results.  Many conservation 

measures are based on achieving behavior changes in the way water is valued and used.  The 

realized conservation savings associated with these measures may depend on future economic, 

social, and political conditions that maintain and strengthen these behavior changes.  In general, 

however, once savings are realized through most measures they can be maintained, resulting in 

long-term viability of the options.  These options were rated high with respect to operational 

flexibility because the programs can be stopped at any time without incurring significant debt 

service or resulting in stranded assets.  There are no inherent energy needs for the M&I 

conservation options in that they result in reduced demand and reduced need to treat and deliver 

water.  For the highest levels of conservation there could be some socioeconomic issues as turf is 

replaced by xeriscaping.   

11.0 Characterization Results 

A summary of the characterization findings are shown in table F9-8.  The top portion of the table 

shows the estimated quantity of yield, earliest timing of implementation, and estimated cost.  The 

bottom portion of the table shows the 17 criteria and associated ratings (“A” through “E”) for 

each option.  As noted previously, for implementation purposes, some large options, were broken 

into 200-kafy yield steps to reflect increasing complexity as project size increases.  For 

conservation, the three conservation levels resulted in demand reduction (yield) from about 

600,000 afy to 1.2 mafy.  These resulting yields were implemented in 200-kafy steps.  These 

steps are denoted numerically with “1” being the first 200-kafy step, followed by subsequent 

steps.  In general, a “C” rating is typically designated as mostly neutral (yellow), “A” is largely 

positive (green), or easier to accomplish, and “E” is largely negative (red) or more difficult to 

accomplish.  Refer to appendix F3 for specific criteria descriptions and rating scales. 

 



Colorado River Basin 
Water Supply and Demand Study 
 
 

F9-16  December 2012 

TABLE F9-8 

Summary Characterization Ratings for M&I Conservation Options 
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Appendix F10 — Option Characterization – 
Agricultural Water Conservation  

1.0 Introduction 
Agricultural water conservation has been proposed to reduce the overall water demand in areas 
currently relying upon water supply from the Colorado River system.  Nine options related to 
agricultural water conservation were submitted for consideration in the Colorado River Basin 
Water Supply and Demand Study (Study).  These options were used to develop agricultural 
water conservation representative options.  The representative options were parsed into 200 kafy 
“steps” to represent likely project phasing. The submittals are summarized in appendix F2 and 
the original submittals are available via links from the electronic version of appendix F2 on the 
compact disc that accompanies this report and the version of appendix F2 on the Study website 
at http://www.usbr.gov/lc/region/programs/crbstudy.html.  

This appendix summarizes the types of options received, categorizes the types of options into the 
following two categories, explains the methods to characterize the options, and provides the draft 
characterization results.   

• Basin-wide agricultural water conservation 
• Basin-wide agricultural water conservation with water transfers 

 
Additional detail related to the options characterization is included in appendix F3. Attachment 
A of appendix F3 contains more detailed descriptions of the ratings.  Attachment B provides the 
methods used for completing the unit cost calculations.  Attachment C presents the detailed 
characterization information and is available on the compact disc that accompanies this report 
and on the Study website. 

2.0 Overall Approach 
Nine options were submitted related to agricultural water conservation to reduce the demand in 
areas receiving Colorado River system water supply.  These options ranged in type from specific 
conservation measures or best management practices (e.g., improved irrigation efficiencies, 
modernization, conveyance system efficiencies, changes in types of crops under irrigation, etc.) 
to general implementation approaches that could be used to achieve further water conservation 
(e.g., water pricing or water transfers).  

The concepts received were first organized into six Colorado River Basin (Basin) -wide 
agricultural water conservation measures reflecting different types of activities that could 
generate water savings in the agricultural sector.  The six agricultural water conservation 
measures consist of: 

• Advanced irrigation scheduling  
• Deficit irrigation 
• On-farm irrigation system improvements 
• Controlled environment agriculture 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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• Conveyance system efficiency improvements 
• Fallowing of irrigated lands 

Each conservation measure was first evaluated for potential water savings, and then a potential 
percentage reduction in irrigation diversions and/or consumptive use was estimated.  Projected 
conserved water yields created by reducing depletions to the Basin were restricted to measures 
that specifically reduce consumptive use for irrigated areas located within the Basin but 
considered total reduction in diversions (consumptive and non-consumptive uses) for irrigated 
lands served outside of the Basin.  Each conservation measure was then evaluated in terms of 
potential adoption rates to estimate the total water yield. 

In order to encourage adoption of the targeted water conservation measures, two possible 
implementation approaches were considered: (1) Basin-wide agricultural water conservation 
through a federal or state incentive-based program to encourage agricultural water use efficiency 
without specific legal transfer of water or water rights, and (2) Basin-wide agricultural water 
conservation with water transfers between a willing transferor and willing transferee that 
promotes water conservation and/or short-term or permanent fallowing of irrigated lands to 
transfer conserved water to the transferee for a similar or different use.   

For purposes of this analysis, each of the various conservation measures were examined as a 
Basin-wide potential, but in reality the measures will have important regional limitations and in 
some cases may be mutually exclusive.  Some of the various measures should not be considered 
to be additive.  Nevertheless, they are broken out in the following sections for the reader to 
understand the basic assumptions used in the option characterization.   

Because levels of current agricultural conservation measures vary throughout the Study Area, 
different levels of potential savings are possible for a given conservation measure.  These 
savings range from essentially no savings where measures have been fully adopted to significant 
savings where measures have not been adopted or where adoption rates are relatively low.  
Disaggregating the savings potential by conservation measure and individual location was 
beyond the scope of this Study.  In addition, the conservation measures could produce different 
amounts of savings depending on the location in the Basin, implementation approach, and 
combination of measures; therefore, the total quantities are estimated as an aggregate for each 
implementation approach.  Up to 1 million acre-feet per year (mafy) of potential savings by 2060 
was considered for both approaches (incentive-based program and water transfers) combined 
with roughly 500,000 acre-feet per year (afy) potential under each approach category.  Note that 
the categories are considered separately largely because the types of reductions are mutually 
exclusive (i.e., on-farm reductions produce no savings to a fallowed field.) The representative 
options reflect additional water conservation above and beyond existing water conservation 
programs that are already included in the demand scenarios in the Study.  

3.0 Potential Agricultural Water Conservation Measures 
Each of the potential agricultural water conservation measures that were considered in the 
analysis are generally described below.  Additional detail on expected quantity of yield, timing 
of option availability, and costs are provided in later sections. 
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3.1 Advanced Irrigation Scheduling 
This measure involves the application of advanced irrigation scheduling techniques using local 
climate and soil moisture information to match water deliveries with crop water needs more 
precisely.  In areas of elevated water and/or soil salinity, it also involves the application of soil 
salinity and crop salt-tolerance monitoring to determine necessary irrigation leaching fractions 
more precisely.  This measure has potential to reduce total water diversions, but is not likely to 
provide significant reduction in consumptive use. 

3.2 Deficit Irrigation 
Like the advanced irrigation scheduling measure, the deficit irrigation option involves water 
management techniques that do not rely on any changes in irrigation infrastructure.  This 
measure also requires application of advanced irrigation scheduling practices but takes advanced 
scheduling one step further to impose water stress on crops during drought-tolerant growth 
stages, with the goal of maximizing crop water productivity or maximizing farm-gate 
profitability with marginally reduced crop yield.  Deficit irrigation has the potential to reduce 
both water diversions and consumptive use.  In areas in the Upper Basin and adjacent areas that 
experience significant physical supply shortages, deficit irrigation is not expected to result in 
reduced basin water consumption or need for Colorado River water because under existing state 
water laws additional water will be available to reduce shortages to other Basin water users.  As 
described in this appendix, this measure does not include significant under-irrigation to the point 
of reducing yields by more than 20 percent or substantially reducing farm-gate profitability.  
Compensated programs for significant deficit irrigation of permanent forage crops such as split 
season fallowing are addressed separately under the irrigated lands fallowing water conservation 
measure.  

3.3 On-farm Irrigation System Improvements 
On-farm irrigation system improvements such as conversion from flood to sprinkler and/or drip 
irrigation methods are included in this measure.  Although consumptive use savings are not 
expected for this conservation method, reductions in total water diversions from reduced 
tailwater and deep percolation return flows can be expected with appropriate controls on the 
conservation program implementation approaches. 

3.4 Conveyance System Efficiency Improvements 
Improvements in conveyance system efficiency through delivery canal lining, canal to pipe 
conversion, improved canal control and/or construction of regulation reservoirs to reduce canal 
operational spills, and implementation of system-wide drainwater or tailwater recovery systems 
are included in this option.  Although these conservation methods can yield significant 
reductions in total diversions in many cases, consumptive water use savings are far less and are 
attributed to evaporation, seepage, drainage, and operational spills to saline sumps, bodies of 
water, and phreatophyte evapotranspiration loss from irrigation and drainage canals. 

3.5 Controlled Environment Agriculture 
Controlled environment agriculture consists of agricultural production within large-scale 
greenhouses that optimize crop production and reduce water usage by controlling the  
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environment (temperature, relative humidity, etc.) and continuously recirculating water.  The 
high associated capital and operation and maintenance cost is the primary barrier to 
implementation of this option. 

3.6 Irrigated Lands Fallowing 
Rotational or permanent fallowing is a common practice that is used to effectively reduce crop 
consumptive use when water supplies are limited.  This practice is commonly applied when 
economic conditions dictate necessary changes in crop production or for the purposes of: self-
regulated water management to fit crop selection and planting areas to within available water 
supplies, water transfers to reallocate water to other non-agricultural uses, and enrollment of 
highly erosive or ecologically sensitive cropland in federal programs.  Also considered under this 
option are split season fallowing of permanent forage crops, such as alfalfa.  In agricultural areas 
in the Upper Basin and adjacent areas that experience significant physical supply shortages, 
irrigated lands fallowing is not expected to result in reduced Basin water consumption or need 
for Colorado River water because under existing state water laws additional water will be 
available to reduce shortages to other Basin water users. 

3.7 Other Considered Options 
Some agricultural water conservation options that were submitted for consideration were not 
considered viable methods for achieving water savings.  One example is changing the types of 
crops that are grown within the Basin.  The types of crops that are grown in the Basin depend on 
a wide array of factors, including local production conditions (climate, soils, water), local and 
global market conditions (supply, demand, and pricing), existing crop- specific infrastructure 
(farm harvest equipment and food processing facilities), and the local price of inputs (labor, fuel, 
water, etc.).  Without control of crop selection on all lands within the Basin, payment or 
incentives to change cropping in one area could shift the production of the replaced high-water-
use crop to another location within the Basin, thereby simply shifting the location of water 
depletion but not reducing the overall Basin water use. 

4.0 Regional Considerations 
The potential agricultural water conservation measures are assumed to apply to the overall Study 
Area, but significant differences in potential water savings between in-Basin in certain areas and 
in adjacent irrigated areas due to water budget considerations and downstream uses dependent on 
return flows.  In addition, applied water requirements and evapotranspiration vary across the 
Basin depending on elevation, climate, soils, irrigation methods, crop types, and other factors.  
The Study approach considered in-Basin and adjacent area differences as well as broad 
differences in applied water requirements, but was not planning area- or state-specific in its 
assessment.  The total irrigated areas used in these calculations were 2.1 million acres for in-
Basin lands and 2.5 million acres for adjacent lands, as noted in Technical Report C – Water 
Demand Assessment.  For some conservation measures and some regions, significant investment 
has already occurred, and the ability to achieve additional conservation will be limited or more 
costly.  For instance, the 0.45 million acres within the Imperial Irrigation District (IID) are 
already involved in an aggressive water conservation program and have been removed from the 
estimates of future agricultural water conservation potential (IID, 2007). 
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5.0 Implementation Approaches 
The two primary implementation approaches under consideration for agricultural water 
conservation are incentive-based programs and water transfers.  For either approach, program- 
controls are necessary to ensure that water conservation investments provide measurable returns 
in verifiable water savings.  Water conservation program controls should address the following 
issues: 

• Conserved water needs to be measurable by a reduction in demand, conservation measures 
need to be easily observable, and, where costs are not prohibitive, should be verified by 
volumetric water use measurement. 

• Legal mechanisms must be in place to protect conserved water in-stream for intended uses, 
especially in areas where insufficient stream flow currently limits downstream water users 
from exercising their full diversion rights. 

• Controls may be needed to prevent expansion of effectively irrigated areas associated with 
water conservation investments. 

• Continuing to maintain a healthy agricultural economy and development of associated policy.  

A key distinction between incentive-based programs and water transfers as defined here is 
whether a legal transfer of water or water rights is involved.  The incentive-based programs are 
assumed to be accomplished without legal transfer of water or water rights, whereas the water 
transfers specifically revolve around legal transfers of water or water rights. 

5.1 Incentive-based Programs 
Incentive-based programs can take different forms depending on the type of water conservation 
option and the type of collaborator (e.g., water user versus water purveyor).  Generally, this 
option involves providing financial incentives through:  

• Grants or low-interest loans to construct infrastructure projects. 

• Cost-share payments to offset the costs of irrigation system conversion. 

• Incentive payments to growers who adopt water conservation practices and provide 
documentation of management practices (payments to implement specific observable 
practices). 

• Incentive payments based on a reduction in volume of water diverted or consumptively used 
(no specific practice is required, but savings must be measured relative to a baseline).  

• Water pricing reform. 

Several existing federal incentive programs could be applicable under this approach.  Potentially 
applicable programs administered by the U.S. Department of Agriculture (USDA) as of the time 
of publication of this appendix include the Environmental Quality Incentives Program, 
Agricultural Water Enhancement Program, Conservation Reserve Program, and Conservation 
Reserve Enhancement Program.  Potentially applicable programs administered by Bureau of 
Reclamation (Reclamation) include the WaterSMART Grants, Water and Energy Efficiency 
Grants, and Title XVI Grants. 
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5.2 Water Transfers 
Water transfers can represent the legal transfer of water or water rights from one use to another.  
Within an agricultural water use framework, transfers can be implemented on a temporary basis 
(one growing season) from year to year or on a permanent basis, essentially through the 
acquisition of water or a permanent water right.  Typically, water transfers are negotiated on a 
willing-transferor, willing-transferee basis within a state and can be implemented on a direct 
transferor-transferee arrangement or facilitated through a water bank.  Payments can be based on 
measured volume of reduction in diversion or consumptive use or can be tied to observed 
practices, such as land fallowing or forbearance of all diversion.  Within a state, priority systems 
for the use of water can affect the ability to implement a water transfer absent the consent of 
intervening priority users.  State water laws generally protect agricultural water transfers and 
ensures the historical consumptive use is available for the new use. 

6.0 Quantity of Yield 
All of the quantification methods for agricultural water conservation are best described in the 
context of overall water balance.  Agricultural water use may remove all or a portion of the water 
diverted permanently from the watershed, or it may simply reroute a portion of the water by 
changing the pathway, timing, and in many cases, the quality of water as it flows through the 
Basin.  The portion of water that is diverted from the streams, used for irrigation, and lost for the 
purpose of other downstream water uses is called consumptive use.  It includes transpiration by 
crops and other plants, evaporation from water and soil surfaces, and water flows into saline 
water bodies that cannot be economically recovered.  There is another portion of water that is 
diverted from the streams and used for irrigation, but which returns to the streams either directly 
through surface runoff or groundwater return flows.  These return flows are subject to additional 
use and appropriation by downstream water users.  

Because irrigated lands both inside and outside the Basin are served with Colorado River water, 
the accounting of water savings must address the differences in depletion to Basin water supply 
within these two regions.  All water exported from the Basin is lost permanently from additional 
use within the Basin, even though only a portion is consumptively used by crops, and is 
considered depletion.  Within the Basin, only consumptive use is considered depletion.  The 
methods used to quantify potential yield from agricultural conservation all distinguish between 
conserved water that would have been lost to the Basin versus conserved water that is simply re-
routed within the Basin.  Generally, any savings in water that would have been exported from the 
Basin is counted as reduced depletion and therefore potential yield; within the Basin, only 
reductions in consumptive uses reduce depletion and can thus be counted as potential yield. 

Although re-routed water within the Basin may not appear to produce yield from the perspective 
of the Basin’s water balance, it can still have important value for improving the location, timing, 
and quality of flows.  However, in many cases re-routed return flows can adversely affect other 
uses of the water that relied on the current flow paths and timing.  Current water law in Colorado 
addresses this issue through only allowing an irrigator’s historical consumptive use to be 
transferrable for other uses (Colorado Agricultural Water Alliance, 2008).  These effects are 
captured in the evaluation criteria (legal, water quality, other environmental, and 
socioeconomic). 
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Due to the over-allocated and "supply-limited" nature of irrigation water use in the Upper 
Division States (Colorado, New Mexico, Utah, and Wyoming), and the high degree of sequential 
reuse of return flows, it is expected that agricultural water conservation savings in these areas 
will be limited by downstream return flow-dependent uses.  For a given funded water 
conservation project, a portion of the field-scale water savings will likely be demanded by junior 
downstream users that have historically relied on these return flows.  Exceptions to this condition 
will occur in the most downstream areas of irrigation projects where downstream ability to reuse 
return flows in other areas is limited.  Additionally, there may be distinctions between surface 
and groundwater return flow impacts, with downstream users being more immediately and 
directly dependent on surface return flows.  The estimated quantities of yield and cost per acre-
foot (af) of water conserved are based on field-scale estimates and are not discounted for return 
flow-dependent uses until the final summary table.  

Furthermore, the Colorado River Simulation System (CRSS) model used to evaluate system 
reliability does not directly represent a significant number of the tributaries in Colorado, 
Wyoming, Utah, and New Mexico.  In Colorado, for example, inflow nodes are only included for 
the main stem Colorado, Gunnison, Yampa, San Juan, and White rivers.  Demands upstream of 
these inflow nodes are aggregated and represented at those same locations.  A significant portion 
of the aggregated irrigation demands divert from the smaller tributaries and are unable to receive 
a full water supply during the irrigation season either because of physical flow limitations or the 
need to bypass water to satisfy downstream senior demands. 

Because of CRSS model limitations, supply-limited consumptive use is used to represent 
irrigation diversion demands in CRSS.  Because smaller tributary demands are represented on 
the main stem of the largest rivers in the Upper Basin, CRSS model may inaccurately show that 
full-supply demands could be satisfied.  This would overstate consumptive uses.  It should be 
clearly noted that the use of supply-limited demands (instead of potential crop demands) 
understates both demands and associated shortages due to CRSS model limitations.  The use of 
supply-limited demands is consistent with the consumptive uses and losses reported values as 
well as the 2007 Upper Colorado River Commission depletion schedule estimates. 

6.1 Estimates by Conservation Measure 
The estimated quantities of yield, before discounting for the effect of return flow-dependent use, 
are discussed in this section for each of the agricultural water conservation measures.  Table F10-
1 summarizes the percent reduction in consumptive use and percent reduction in total diversions 
associated with implementing a unit amount of each measure.  These estimates are explained in 
the following sections. 
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TABLE F10-1 
Estimated Potential Water Savings Percentages at the Farm Scale for Each Agricultural Water Conservation Measure 

Water Conservation Measure 

Reduction in 
Consumptive Use  

(In-Basin) 

Reduction in Total 
Diversion 

(Outside Basin) 

Advanced Irrigation Scheduling 0% 13% 

Deficit Irrigation 13% 20% 

On-farm Irrigation System Improvements 0% 20% 

Conveyance System Efficiency Improvements 1% 20% 

Controlled Environment Agriculture 50% 50% 

Irrigated Lands Fallowing 40 to 100% Up to 100% 

Water savings for reductions in total diversion have not been discounted for effects of return flow-dependent 
use.  

 
Generally, the estimates of potential water savings from each water conservation measure were 
made by multiplying the potential percent reduction in consumptive use (in-Basin) and total 
diversions (outside Basin) by the estimated consumptive use and diversions within each Basin 
state1 from the 2060 CRSS simulation results and finally, multiplying by an estimated adoption 
rate.  In estimating adoption rates, it was considered that some fraction of water users are already 
implementing the conservation measure and some fraction of the remaining water users would 
not be receptive to the measure.  For instance, if 50 percent of irrigators were using flood 
irrigation and it was estimated that 50 percent of those irrigators would engage in a program to 
upgrade on-farm irrigation systems to drip or sprinkler, the overall adoption rate would be 
25 percent. 

6.2 Advanced Irrigation Scheduling 
Advanced irrigation scheduling focuses on improved water management methods that typically 
do not require physical changes or improvements to irrigation system equipment.  Estimates of 
the potential reduction in applied water from improved irrigation scheduling and soil salinity 
management were taken from Eching (2002) as reported in Cooley et al. (2008), who found a 13 
percent reduction in applied water and 8 percent increase in yield resulting from the use of 
advanced irrigation scheduling by 55 growers across California.  The Imperial Irrigation District 
Efficiency Conservation Definite Plan (IID, 2007) estimated between 0.2 and 0.38 acre-feet (af) 
per acre reduction in applied water from different ways of implementing irrigation scheduling.  
When compared to the average irrigation applied water amount within IID of about 5.1 af per 
acre (IID, 2007), this represents an applied water savings of 4 to 8 percent.  For the purposes of 
this discussion, the 13 percent water savings estimate is used for reduction in applied water only.   

For in-Basin implementation, the consumptive use reduction benefit of this option was 
assumed to be zero.  As reported by Eching (2002), increased yields were also associated 
with the reductions in applied water through advanced irrigation scheduling.  This can 

                                                      
1 Arizona, California, Colorado, New Mexico, Nevada, Utah, and Wyoming. 
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occur when water deliveries are more closely matched to periods of crop water demand, 
thereby reducing water stress and increasing crop yields and crop consumptive use. 

For purpose of water savings estimates, 25 percent of all irrigated acres outside the basin were 
assumed to adopt irrigation scheduling.  Based on these assumptions, about 270,000 afy of 
depletions from the Basin could be reduced. 

6.3 Deficit Irrigation 
Deficit irrigation has been defined in multiple ways (Smith, 2011).  However, for purposes of 
this analysis, the definition presented by Geerts and Raes (2009) has been adopted, where deficit 
irrigation is “deliberately tolerating drought stress for maximizing the productivity of water”.  
Stated another way, deficit irrigation is minimizing water use while maintaining crop yield or 
maximizing crop yield per unit of water use.  

Deficit irrigation has been demonstrated to reduce water use by about 20 percent and maintain or 
improve yield and crop quality on almond and pistachio crops in California (Goldhamer et al., 
2006).  Deficit irrigation of grain crops such as winter wheat has also been shown to maintain or 
improve overall farm-gate profitability with reduced irrigation and subsequent marginally 
reduced grain yield (English and Nakamura, 1989).  On-farm research in the Columbia River 
Basin demonstrated that the optimum farm net income occurred with irrigation water use 
reductions of 20 to 30 percent on winter wheat (English, 1990) and that crop consumptive use 
was reduced by about 13 percent with a 20 percent reduction in applied water (English and 
Nakamura, 1989).  The most profitable level of stress irrigation will depend on crop prices 
relative to irrigation costs, and growers are often reluctant to stress irrigate due to the risk of 
over-stressing and causing too much loss in yield.  Nevertheless, these studies indicate a large 
potential for deficit irrigation while maintaining profitable agriculture. 

Deficit irrigation research being conducted by the USDA Agricultural Research Service in 
Greeley, Colorado has documented water use and crop yield relationships for a number of field 
crops including corn, wheat, sunflower and dry beans (Trout and Bausch, 2012).  This 
information has been used by the Northern Colorado Water Conservancy District (Altenhofen, 
2012) to establish farm gate economics of deficit irrigation for these crops and to establish 
possible incentive payments to compensate for projected yield losses.  For example, deficit 
irrigated corn with 80 percent of maximum yield at a 50-percent  reduction in consumptive use 
would require an annual incentive payment of about $150 per af with corn at $4 per bushel. 

For purposes of estimating potential savings, it was assumed that 50 percent of orchards, 
vineyards, small grains, corn, and sunflower acreage would adopt deficit irrigation.  Without 
detailed cropping information on all lands irrigated with Colorado River system water, general 
crop percentages reported within the 2007 agricultural census for the Basin States was utilized 
(USDA, 2007).  The census data indicate that no more than about 1 percent of land irrigated with 
Colorado River system water is in orchards or vineyards.  The census data also indicate that 
small grains (wheat, barley, oats, rye) accounts for about 6.3 percent and irrigated corn accounts 
for 3.2 percent of total harvested cropland within the Basin.  Using the 2011 crop production 
summary from the National Agricultural Statistics Service (2011), sunflowers were harvested on 
about 100,000 acres in Colorado in 2011, which represents about 1.4 percent of the total Basin 
irrigated acres within the planning area.  Based on these land area percentages totaling 11.9  
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percent, the 50 percent adoption rate assumptions, and the per-acre water savings estimates, the 
potential water saving from applying deficit irrigation to the selected crops is estimated to total 
about 130,000 afy.  

As noted above, in areas in the Upper Basin and adjacent areas that experience significant 
physical supply shortages, deficit irrigation is not expected to result in reduced Basin water 
consumption or need for Colorado River water because under existing state water laws additional 
water will be available to reduce shortages to other basin water users.  Therefore, when this 
option is included in a portfolio, the portion of the 130,000 af water savings in the Upper Basin 
will be used directly to reduce other Upper Basin users’ shortages, both within the Basin and in 
adjacent areas. 

6.4 On-farm Irrigation System Improvements 
On-farm irrigation efficiency is typically defined as the water consumed through crop 
consumptive use divided by the total irrigation water applied.  Flood irrigation methods in 
general tend to operate at lower on-farm irrigation efficiencies than sprinkler or drip irrigation 
methods because of higher volumes of surface runoff (tailwater), subsurface runoff (tilewater), 
and deep percolation (groundwater return flow).  However, while converting from flood to 
sprinkler or drip irrigation methods reduces total diversions, it is not likely to reduce 
consumptive use significantly and could actually increase consumptive use in some instances.  
This results from increased evaporation with sprinkler methods and increased crop 
evapotranspiration with improved water distribution uniformity.  On the basis of reduced 
depletions divided by investment costs, the cost of converting from flood to sprinkler or drip 
within the Basin was considered too high to justify for water supply mitigation due to the 
marginal to negative consumptive use benefits.  However, benefits for out-of-Basin application 
of on-farm irrigation system improvements could be significant (where return flows can be 
adequately addressed) and were included in the analysis where reductions in total irrigation 
diversion could be counted as water savings.  It was recognized in this analysis that incentives 
for converting flood irrigation to sprinklers are already being provided in the Basin for water 
quality enhancement through the Colorado River Basin Salinity Control Program.  However, the 
basis for funding those projects is not for water supply mitigation but rather to reduce deep 
percolation and groundwater return flows from agricultural lands that mobilize salts into the 
Colorado River and its tributaries (Reclamation, 2011). 

Reductions in total irrigation diversions at a field scale were estimated by comparing typical on-
farm irrigation efficiency levels.  Using an average flood irrigation efficiency level of 70 percent 
and assuming that center pivot irrigation and drip irrigation could achieve an efficiency level of 
87 percent (WDOE, 2005), the assumed reduction in total diversion is 20 percent.  Assuming that 
10 percent of irrigated land outside of the Basin is converted from flood to drip and 20 percent 
from flood to sprinkler (pivot), this option may reduce agricultural consumptive use by up to 
490,000 afy.  However, 270,000 afy of these potential savings occur in Colorado, where current 
administrative practice does not allow reallocation of water saved due to improved efficiency 
(Colorado Agricultural Water Alliance, 2008).  

This option requires a flow meter to be installed and the grower to follow an irrigation water 
management plan written for operations of the revised system in order for savings to be realized.  
The option may also require controls that limit the effective irrigated area to no greater than 
historical effective irrigated areas considering distribution uniformity effects. 
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6.5 Conveyance System Efficiency Improvements 
Conveyance system efficiency improvements were estimated by considering the potential for 
canal lining, canal to pipe conversion, improved canal control and/or construction of regulation 
reservoirs to reduce canal operational spills, and system-wide implementation of drainwater or 
tailwater recovery systems in order to reduce evaporation, seepage, operational spills, and 
phreatophyte evapotranspiration losses.  The majority of water savings through these actions 
simply change the redistribution of water because the seepage and other surface return flows 
often become supply for other water uses in the Basin.  Ignoring surface and groundwater 
recharge losses to saline sumps or bodies of water, reductions in direct canal evaporation and 
phreatophyte evapotranspiration losses along canals, drains, and wasteways are the only effective 
mechanisms for reducing consumptive use for in-Basin agricultural water savings through this 
method. 

Potential water savings through conveyance system efficiency improvements will vary widely 
from project to project depending upon the baseline system infrastructure and operations.  
Systems that have already undergone significant conveyance system efficiency projects will have 
less potential to yield additional water savings than those continuing to operate with older and 
less-advanced systems.  For the basis of making potential water savings estimates, system-wide 
water budget estimates from the Imperial Irrigation District Efficiency Conservation Definite 
Plan (IID, 2007) were used.  For an improvement project that eliminated main canal and lateral 
spill, canal seepage and net evaporation and reduced on-farm tailwater by 80 percent, the 
potential reduction in water diversions is estimated at 20 percent and the reduction in 
consumptive use through eliminating canal evaporation is 1 percent of water diversion.  
Assuming that half (50 percent) of the irrigation systems receiving Colorado River water outside 
the Basin could achieve this level of reduction, the potential water savings of this option has 
been estimated at approximately 820,000 afy.  However, 450,000 afy of these potential savings 
occur in Colorado, where current administrative practice does not allow reallocation of water 
saved due to improved efficiency (Colorado Agricultural Water Alliance, 2008). 

6.6 Controlled Environment Agriculture 
Water savings in controlled environment agriculture are largely achieved by recirculating water 
within the greenhouse environment and by producing higher yield per unit of cropped area.  
However, greenhouse production is expensive and has been demonstrated to be commercially 
viable only for horticultural crops such as fresh market vegetables and nursery plants.  Further, 
commercial viability depends on either producing superior quality crops or bringing crops to 
market during times of year when field production is not feasible.  Capital costs can exceed 
$200,000 per acre (Tatum and Hood, 2009), compared to less than a tenth of that for facilities to 
support field production.  Estimates of water savings vary widely.  On the low end, there are 
estimates of greenhouse water use being 5 percent of outdoor water use on a volume used per 
unit crop output basis (Sandia, 2005); however, these estimates are from short field studies 
during cool times of the year and do not capture a full annual cycle.  Estimates of water use for 
greenhouse produced tomatoes were about 17 percent of outdoor water use, calculated as volume 
used per pound of crop produced (Sandia National Labs, 2005).  However, other studies 
comparing monitored greenhouse water use with outdoor cultivation water use (e.g., Mpusia, 
2006) showed greenhouse water use as 65 percent of that for outdoor cultivation.  For the 
purposes of the Study, a water savings of 50 percent over traditional outdoor cultivation was 
assumed for controlled environment agriculture.  
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2007 census data for the Basin States indicate that vegetable acreage ranges from about 
0.1 percent to over 4 percent of crop acreage, depending on the state (USDA, 2007).  Applying a 
2 percent vegetable crop acreage to estimated irrigated acreage, land potentially suitable for 
greenhouse production is estimated to be about 42,000 acres within the Basin and 50,000 acres 
out of the Basin.  Much of this land both in and out of the Basin is in warm winter areas that 
already enjoy significant cost and market advantages for field production; growers in these areas 
would have limited incentive to incur the significant cost for greenhouse production except on a 
limited basis.  Assuming that about 10 percent of the vegetable acreage irrigated with Colorado 
River water (9,000 acres) could be profitably converted to greenhouse production, and that the 
total water consumption could be reduced by 50 percent, the total amount of water saved would 
be approximately 13,000 afy.  Based on estimates from the University of Arizona (Controlled 
Environment Agriculture Center, 2012), the total area under greenhouse production across the 
entire United States is currently about 21,000 acres.  Consequently, this effort would involve 
increasing the U.S. greenhouse production by more than 40 percent from current levels. 

6.7 Irrigated Lands Fallowing 
Irrigated lands fallowing is one of the most direct and simple methods of irrigation water 
conservation in terms of water accounting and accepted legal frameworks allowing reallocation 
of conserved water.  However, this practice can have significant impact on local economies 
where implemented.  Examples of significant fallowing programs for water conservation can be 
found in the IID and the Klamath Basin, among others.  

The most common application of this water conservation method is with annual crops.  However, 
temporary fallowing and split-season leasing of water rights for permanent forage crops such as 
irrigated pasture have also been implemented with varying degrees of success.  The Klamath 
Basin Rangeland Trust (KBRT) has an active split-season leasing program focused on curtailing 
water deliveries to irrigated pasture in the mid- to late- summer irrigation period (KBRT, 
2011).The Colorado water bank has also considered split-season fallowing for irrigated pasture 
and hay production, but several operational and perception challenges need to be overcome with 
participants, as presented by Gangwer (2011). 

The amount of conserved water yielded from fallowing can vary widely depending upon the 
crop, season of fallowing, and site climate and soil/groundwater conditions.  For summer annual 
crops in dry regions with little summer rainfall or access to shallow groundwater, the 
consumptive use savings can be nearly 100 percent of the consumptive use under irrigated 
conditions.  For permanent crop applications with access to shallow groundwater, the savings 
can be far lower.  For example, measured consumptive use on irrigated and non-irrigated grass 
pasture in the Klamath Basin has demonstrated a reduction in consumptive use of about 1 mafy 
(KBRT, 2005) in a location where the annual consumptive use under irrigation is approximately 
2.58 mafy, for a savings of 39 percent of irrigated consumptive use.  For this reason, the 
potential water savings have been estimated as 40 to 100 percent of consumptive use within the 
Basin and up to 100 percent of total diversions. 

This option has been conceptualized as an overall Basin-wide program (or a set of planning area 
programs) consisting of rotational or permanent fallowing.  Such a program would be scalable 
over time and could be sized to achieve any level of reduction in consumptive use.  Constraints 
on the size of the program would likely be influenced primarily by economic considerations; for 
example, the level of reduction in consumptive use in a particular planning area could be scaled 
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to maintain a viable agricultural economy and avoid unacceptable impacts on jobs.  For planning 
purposes, the amount of savings is assumed to be up to 10 percent of the irrigated lands and 
10 percent of the agricultural consumptive use in the water demand scenarios.  Applying this 
reduction percentage to the 7.2 mafy consumptive use within the planning area, it was assumed 
that up to 720,000 afy of water savings could be generated from fallowing measures, but this 
would be limited to water transfer programs with legal transfer of water or water rights 
(temporary or permanent). 

As noted above, in areas in the Upper Basin and adjacent areas that experience significant 
physical supply shortages, irrigated lands fallowing is not expected to result in reduced Basin 
water consumption or need for Colorado River water because under existing state water laws 
additional water will be available to reduce shortages to other Basin water users.  Therefore, 
when this option is included in a portfolio, the portion of the 720,000 af water savings in the 
Upper Basin will be used directly to reduce other Upper Basin users’ shortages, both within the 
Basin and in adjacent areas. 

6.8 Water Yield Summary 
As discussed previously, all of the agricultural water conservation measures have been 
conceptualized into two implementation approaches: 1) incentive-based programs and 2) water 
transfers.  Because the conservation measures could produce different amounts of savings 
depending on the location in the Basin, implementation approach, and combination of 
conservation measures, the total quantities were estimated as an aggregate for each 
implementation approach rather than a summation of individual conservation measures.  Up to 1 
mafy of potential savings by 2060 was considered for both approaches combined with potential 
of roughly 500,000 afy under each approach category.  By comparison, the summation of 
potential water savings for each conservation measure totals 2.44 mafy when accounting for non-
consumptive use savings outside the Basin and ignoring return flow impacts, and is reduced to 
833,000 afy when only consumptive use savings are considered under each approach category.  
Table F10-2 summarizes the potential agricultural water conservation savings by measure and 
implementation method.  

TABLE F10-2 
Estimated Potential Water Savings at the Farm Scale for Each Agricultural Water Conservation Measure  

Water Conservation Measure 

Reduction in 
Consumptive Use 

(afy) 

Reduction in Total 
Diversion 

(afy) 

Advanced Irrigation Scheduling 0 270,000 

Deficit Irrigation 100,000 130,000 

On-Farm Irrigation System Improvements 0 490,000 

Conveyance System Efficiency Improvements 0 820,000 

Controlled Environment Agriculture 13,000 13,000 

Irrigated Lands Fallowing 720,000 720,000 

TOTAL 833,000 2,443,000 
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7.0 Timing of Option Availability 
Because the agricultural water conservation options would be ramped over time, it was 
considered that the improvements to irrigation management, on-farm irrigation improvements, 
and changes in crop consumptive use could occur in as early as 10 years.  Large infrastructure 
projects, including conveyance system efficiency improvements and controlled environment 
agriculture, were estimated to require at least 15 years before full implementation due to the 
planning, permitting, design, and construction needs.  

8.0 Costs 
Costs for implementing agricultural water conservation measures would vary regionally and with 
different levels of conservation programs.  Costs were estimated based on review of existing 
programs implementing such measures.  Important sources of cost estimates for on-farm 
irrigation improvements and conveyance system improvements included Cooley et al. (2010); 
IID (2007), and engineering estimates using Natural Resource Conservation Service cost bases.  
All costs were translated into net annualized costs over the life of the improvement.  When 
possible, capital cost amortization used the 2011 discount rate for water-related projects of 4.125 
percent.  IID (2007) used a rate of 4 percent to amortize capital costs of irrigation system 
components over their expected useful lives. 

Based on the estimates reported by Cooley et al. (2010), the unit annual costs for improved 
irrigation scheduling and deficit irrigation were approximately $100 per afy and $43 per afy and 
the unit annual cost of on-farm irrigation efficiency improvements was $390 per afy.  These 
estimates were based on total water savings, not reduction in consumptive use.   

Reductions in consumptive use through rotational or permanent fallowing were estimated based 
on existing fallowing programs and administration costs.  The IID has recently offered $125 per 
afy to growers for fallowing fields to provide water for transfer and for Salton Sea flows (IID, 
2012).  This price applies to the full reduction in applied water.  The effective price per afy of 
reduced consumptive use would be substantially higher.  A study by Pritchett et al. (2008) 
reported survey responses to the price to forgo 1 year of irrigation as ranging from about $200 to 
$750 per acre with a minimum of $50 and a maximum of $1,800 per acre. 

Costs for conveyance system efficiency improvements vary substantially depending on the 
characteristics of the existing delivery system.  System improvement options developed for the 
IID Efficiency Conservation Plan (2007) ranged from $140 to $800 per afy of reduced diversion.  

Controlled environment agriculture costs vary by crop type, hydroponic or aquaponic system, 
and installation technique.  Initial capital costs are more than 10 times higher than traditional 
agricultural operations, with construction costs of $3 to $7 per square foot reported for relatively 
large-scale greenhouses (USDA, 2003; Mississippi State University Extension Service, 2009).  
Based on an assumed 1.5 afy savings, unit annual costs are likely approaching $6,000 per af.  
This cost would be offset to some extent by improved crop yield, quality, and price, but these 
benefits are highly dependent on market conditions.  Table F10-3 presents the estimated costs by 
measure 
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TABLE F10-3 
Estimated Potential Water Savings at the Farm Scale for Each Agricultural Water Conservation Measure  

Water Conservation Measure 
Cost 

(dollar per af) 

Advanced Irrigation Scheduling 100 

Deficit Irrigation 43 

On-farm Irrigation System Improvements 390 

Conveyance System Efficiency Improvements 140-800 

Controlled Environment Agriculture 6,000 

Irrigated Lands Fallowing 125-700 

 

In general, it is anticipated that agricultural conservation programs would be implemented in 
order from least costly to more costly and that these costs would vary somewhat by the program 
implemented and specific best management practices considered.  It is assumed that 
“Conservation” is more focused on on-farm and delivery system improvements, whereas 
“Conservation with Transfer” is more focused on fallowing.  Table F10-4 presents the estimated 
costs for about 1 mafy of savings when 200,000-afy increments are considered.  Note that the 
initial level of “Conservation” is dominated by on-farm conservation, with other measures such 
as system conservation and fallowing being implemented in greater proportions in subsequent 
steps.  Whereas, when transfers are considered, fallowing is the dominant measure.  In both 
cases, costs increase with increasing yield requirements. 

TABLE F10-4 
Agricultural Conservation Annual Costs per af of Savings by Implementation Type 

 

Savings 
(mafy) Conservation1 Conservation with Transfer2 

Step 1  0.2 On-Farm $150 Fallowing $250 

Step 2 0.4 

 

$300 

 

$400 

Step 3 0.6 System $500 System $500 

Step 4 0.8 

 

$600 

 

$600 

Step 5 1.0 Fallowing $750 On-Farm $750 

1 Begins with programs more heavily weighted toward On-Farm Measures (Deficit Irrigation, Advanced 
Irrigation Scheduling, On-Farm System Improvements) but includes some portions of System 
Improvements and Fallowing in subsequent steps. 
2 Begins with programs more heavily weighted toward Fallowing but includes some portions of System 
Improvements and On-Farm in subsequent steps. 

9.0 Other Key Criteria 
In addition to yield, timing, and cost, the agricultural water conservation options were 
characterized against several other criteria.  A summary of the findings for all criteria is shown in 
table F10-5.  In general, these options are technically feasible, and there are examples in areas of 
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the Southwest and in other arid regions of the world.  Controlled environment agriculture is 
unlikely to be economically feasible on a large scale under foreseeable circumstances.  Irrigation 
management and efficiency improvement programs have been undertaken at district and state 
levels, but have not been demonstrated on basins of the scale of the Colorado River in North 
America.  It is not anticipated that significant permitting issues or legal changes will be required 
to implement these options.  However, these options will affect diversion patterns, return flow 
quantities and locations, and groundwater recharge.  These changes could generate legal 
challenges.  Policy concerns could arise with large-scale agricultural water transfers as public 
discourse on the maintenance of agricultural economies and effects to rural communities 
continues.  Coupling agricultural conservation with a transfer mechanism can have varying 
degrees of political and legal complexities depending on the nature of the transfer. For example, 
an Upper Basin banking concept is explored in the Study that assumes water generated through 
agricultural conservation is transferred to a downstream conceptual water bank near Lake 
Powell. Transfers of this nature would have significant policy and legal challenges. The 
characterization ratings shown in table F10-5 assume all saved water in the Upper Basin states is 
made available to local water users within the priority system.    

All options have some implementation risk in that yields will fluctuate over time and programs 
will require continuous funding to maintain overall results.  Controlled environment agriculture 
has additional risk from the very large capital requirements: at an average $5.43 per square foot 
(Mississippi State University, 2009), more than $2.6 billion would be required to construct the 
facilities for 11,000 net acres of production.  Additional long-term risks would include 
maintaining sufficient revenue to pay the debt service and operations.  For the other options, 
once savings are realized they can be maintained, resulting in long-term viability.   

The non-structural options were rated high with respect to operational flexibility because the 
programs can be stopped at any time without incurring significant debt service or resulting in 
stranded assets.  However, structural (including irrigation infrastructure) options do not have 
high operational flexibility.  Non-structural agricultural water conservation options do not 
require energy, but on-farm irrigation improvements generally will require energy for 
pressurizing sprinkler and drip systems or for pumping recycled tailwater.  Greenhouses require 
pressurized irrigation and may require heating and cooling systems, depending on location and 
season of operation.  Agricultural water quality issues primarily relate to fertilizers and pesticides 
in return flows to surface or groundwater.  All of the options reduce return flows and therefore 
could have positive effects on water quality.  All options would likely have generally positive or 
neutral impacts on hydropower and recreation.  Impacts on other environmental factors are 
uncertain.  In some cases, the lower diversions could be positive by leaving additional flow in 
streams; in other cases, reduced return flows could affect environmental resources such as 
riparian vegetation along canals and drains that have come to rely on the return flow.  Structural 
options such as system conveyance improvements and controlled environment agriculture would 
have construction-related impacts. 

All of the options would require some additional spending in local communities to implement, 
and would therefore support local economic activity.  Only the reduced consumptive use options 
were rated low on socioeconomics because of their potential effect on agricultural communities 
under long-term fallowing and reduced crop production.  It is possible that these effects can be 
mitigated by taking a Basin-wide rotational approach to this option such that individual 
communities do not experience the impacts in a sustained manner. 
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10.0 Characterization Results 
A summary of the characterization findings are shown in table F10-5.  The top portion of the 
table shows the estimated quantity of yield, earliest timing of implementation, and estimated 
cost.  The bottom portion of the table shows the 17 criteria and associated ratings (“A” through 
“E”) and is color-scaled.  In general, “C” is typically designated as mostly neutral (yellow); “A” 
is largely positive (green); and “E” is largely negative (red) or more difficult to accomplish.  
Refer to appendix F3 for specific criteria descriptions and rating scales. 
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Summary Characterization Ratings for Agricultural Water Conservation Options 
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Appendix F11 — Option Characterization – 
Energy Sector Water Use Efficiency 

1.0 Introduction 

Options to improve the water use efficiency of the energy sector have been proposed to reduce 

the water demand in the Colorado River Basin (Basin).  A number of energy sector water use 

efficiency options were submitted for consideration in the Colorado River Basin Water Supply 

and Demand Study (Study).  The submittals are summarized in appendix F2 and the original 

submittals are available via links from the electronic version of appendix F2 on the compact disc 

that accompanies this report and the version of appendix F2 on the Study website at 

http://www.usbr.gov/lc/region/programs/crbstudy.html.   

Four options related to energy sector water use efficiency were received.  The submitted options 

were reviewed and organized into two groups according to the specific concept: 

 Conversion of Power Plants to Air Cooling 

 Water Use Efficiencies in the Oil and Gas Industry 

Figure F11-1 shows the general location of major power plants in the Basin and the approximate 

magnitude of water use for cooling.    

This appendix summarizes the types of options received, the assumptions made and methods 

used to characterize the options, and the characterization results.  Additional detail related to the 

options characterization is included in appendix F3..  Attachment A of appendix F3 contains 

more detailed descriptions of the ratings.  Attachment B provides the methods used for 

completing the unit cost calculations.  Attachment C presents the detailed characterization 

information and is available on the compact disc that accompanies this report and on the Study 

website. 

2.0 Conversion of Power Plants to Air Cooling 

This option group includes removing the evaporative cooling systems at the 15 largest power 

plants in the Basin (figure F11-1) and installing air cooling systems.   

Developing yield estimates for these options includes researching historical and estimated future 

use of water by power plants (Colorado River Water Consultants, 2008a).  The 15 largest power 

plants in the Colorado River Basin region consume approximately 167,000 acre-feet per year 

(afy) of water.  Assuming 95 percent of that amount could be saved by converting to air cooling, 

about 160,000 afy of yield is potentially available with this concept. 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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FIGURE F11-1 

Location of Major Power Plants within the Basin 

 

When evaluating this option, the following were considered: 

 High cost of installing air-cooling systems  

 Effect of air-cooling on plant power output during hot weather  

 Effect of air cooling on plant efficiency 

 Applicability of air-cooling technology to the existing plant systems designed for water- 

cooled service 

 Larger site footprint required for air-cooled system 

The timing on conversion of cooling systems at power plants may depend to some degree on the 

remaining useful life of the existing systems.  Some or even all of the 15 plants identified for 

conversion may be retired over the Study planning period.  However, power needs are likely to 

still exist in the region, and new plants may replace the older plants.  For the characterization of 

this option, it is assumed that a sense of urgency related to water imbalance results in agencies or 

the federal government moving forward with power plant conversions in conjunction with plant 

owners, regardless of the remaining useful life of the existing equipment.  Feasibility studies to 
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identify the estimated amount of power generation loss due to reductions in efficiency and plans 

for making up those losses are assumed to take up to 3 years.  Revised air quality and noise 

permits are required for the alternate equipment, and it could take 2 or more years to acquire 

those permits.  Detailed design and construction could take another 5 years, with a total 

timeframe of at least 10 years.   

Costs for energy water use efficiency concepts are based on literature research and previously 

completed conceptual designs.  The costs for decommissioning a wet cooling system and 

construction of air-cooling systems, plus the increased cost of operation of the power plants, 

were estimated in the Study of Long-Term Augmentation Options for the Water Supply of the 

Colorado River System (Colorado River Water Consultants, 2008).  This study estimated the unit 

annual costs at approximately $1,300 per acre-foot (af) for plants of 2,000 megawatt (MW) and 

greater capacity and as much as $4,000 per af for plants smaller than 1,000 MW capacity.  Three 

of the 15 largest plants in the region are larger than 2,000 MW; 4 plants are larger than 

1,000 MW and smaller than 2,000 MW; and the remainder are smaller than 1,000 MW 

(Colorado River Water Consultants, 2008a).  Therefore, the unit annual costs will vary at each 

facility, but the estimated weighted average is about $2,000 per af of water saved. 

In addition to yield, timing, and cost, the conversions of power plants to air cooling was 

characterized against several other criteria.  A summary of the findings for all criteria is shown 

below.  Key considerations related to technical feasibility, permitting, legal, and policy issues 

were largely covered in the descriptions above related to estimating option timing.  The 

technology is proven and reliable, resulting in a high feasibility rating.  In regard to 

implementation, there is likely to be pushback from the power industry because of increased 

costs and reductions in efficiency, as well as potential pushback from the public because of 

potential increased costs of energy to the greater community.  The long-term viability is believed 

to be high because once the technology is installed and paid for, there is little risk of the system 

not achieving the reduced water demand.  Based on the investment and infrastructure required, 

the operational flexibility is limited because the criterion penalizes options that have high debt 

service costs even when the option is put into an idle mode.  Although the option conserves 

water use in the energy generation process, it is projected to reduce energy generation by 10 to 

15 percent.  Applying the “fenceline” concept described in appendix F3 to the options 

characterization implies that the reduced generation is outside of the “fenceline”, resulting in a 

neutral score.  When considering hydropower, water quality, recreation, and other environmental 

impacts, this concept could result in reduced diversion for these Upper Basin power plants and 

increased water in the river system.  It is also unknown how this water would be used by others, 

which could result in a change in how downstream river reaches are operated.  Because of these 

unknowns, neutral conditions were assumed for these criteria.  Socioeconomic impacts are 

difficult to fully assess because jobs will be created with all of these options.  There is also likely 

to be a combination of positive and adverse impacts in the regions in which the power plants are 

located.  Without more-detailed assessments, neutral conditions were assumed for 

socioeconomics. 

3.0 Water Use Efficiencies in the Oil and Gas Industry 

This concept includes increased regulation on oil and gas exploration to protect water resources 

from contamination and use of treatment processes to make the byproduct water available as a 

new supply instead of disposing the water to evaporation lagoons or deep wells.  These 
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byproduct waters typically have total dissolved solids concentrations of up to 15,000 milligrams 

per liter (Colorado River Water Consultants, 2008b), and desalination of the water is required to 

render it suitable for use as a new supply.  The energy required for desalination, along with the 

energy required to transport the water to central locations of treatment and use, leads to total 

energy requirements of 4,700 kilowatt hours per af.  This concept also includes maximizing 

efficiency of use of water at oil and gas refineries.  Although described here for completeness, 

the treatment and use of the natural gas byproduct water is included in the local supply category 

and is not characterized here.  Also, increased reuse of industrial type waters is covered in the 

industrial reuse category and not characterized here. 

4.0 Results 

A summary of the characterization findings are shown in table F11-1.  The top portion of the 

table shows the estimated quantity of yield, earliest timing of implementation, and estimated 

cost.  The bottom portion of the table shows the 17 criteria and associated ratings (“A” through 

“E”) and is color-scaled.  In general, “C” is typically designated as mostly neutral (yellow); “A” 

is largely positive (greed); and “E” is largely negative (red).  Refer to appendix F2 for specific 

criteria descriptions and rating scales. 

5.0 References 

Colorado River Water Consultants.  2008a.  Technical Evaluation of Options for Long-Term 

Augmentation of the Colorado River System, Reduction of Power Plant Consumptive 

Water Usage for Colorado River Augmentation. 

Colorado River Water Consultants. 2008b.  Technical Evaluation of Options for Long-Term 

Augmentation of the Colorado River System, Coal Bed Methane-Produced Water. 
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Appendix F12 — Option Characterization – 
System Operations 

1.0 Introduction 

Modified system operations have been proposed to decrease demand, reduce evaporation losses, 

and improve efficiency within the Colorado River Basin (Basin).  A number of system 

operations options were submitted for consideration in the Colorado River Basin Water Supply 

and Demand Study (Study).  The submittals are summarized in appendix F2 and the original 

submittals are available via links from the electronic version of appendix F2 on the compact disc 

that accompanies this report and the version of appendix F2 on the Study website 

at http://www.usbr.gov/lc/region/programs/crbstudy.html.  

Twenty four options related to System operations were received.  These options consist of 

essentially three major overarching concepts: 

 Evaporation Control Covers  

 New Water Storage 

 Modified Operation 

These three concepts can be further grouped into three representative options for evaporation 

control covers, three representative options for new water storage and four representative options 

for Modify Operations. When potential yield of a representative option exceeds 200 kafy and the 

option is scalable, the representative option was characterized in progressive 200 kafy “steps”. 

Figure F12-1 shows the general locations of options. 

For the system operations category of options, only the options in the Evaporation Control 

Covers and New Water Storage underwent a characterization with ratings assigned to each 

criterion.  Due to their technical and legal complexity, the options that comprise the Modify 

Operations group were not assigned ratings. However, available information on relevant criteria 

is discussed below.   

This appendix summarizes the types of options received, the assumptions made and methods 

used to characterize the options, and the characterization results.  Detailed description of the 

characterization criteria, approach, and rating guidance is provided in appendix F3. 

2.0 Evaporation Control Covers 

This group of options includes physical and chemical methods to reduce evaporation from the 

major canals and reservoirs.  Physical covers would incorporate solar photovoltaic panels to 

simultaneously reduce evaporation and generate electricity.  Concepts involving chemical covers 

include the introduction of a chemical to the water surface of large reservoirs to reduce the 

evaporation rates of the reservoirs.  

Based on these distinct concepts, three representative options were developed: 

 Solar Panel Canal Covers 

 Solar Panel Reservoir Covers 

 Chemical Type Covers 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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FIGURE F12-1 

General Locations of System operations Options within the Basin 

 

2.1 Solar Panel Canal Covers 

Solar panels covering the water surface of open canals were evaluated by estimating the water 

surface area and potential for reduced evaporation rates.  The total water surface area of the 

largest canals (Colorado River Aqueduct, Central Arizona Project, and All American Canal) was 

estimated by reviewing aerial mapping.  Next, evaporation rates from the canals were researched.  

Last, it was assumed that covering the canals as described in the options would reduce the 

current evaporation rate by 50 percent.  However, pilot investigations would be needed to 

confirm and refine this assumed reduction as appropriate.  The estimated potential water savings 

for installing solar panel covers over the major canals is approximately 18,000 acre-feet per year 

(afy). 

The yield of this concept is highly dependent on the actual reduction in evaporation rates, and the 

overall costs are highly dependent on recovering some costs by selling energy.  To better 

understand the potential of this option, a 3-year feasibility study, including a pilot program, 

should be considered.  If deemed feasible and the concept was aggressively pursued, 2 years of 

permitting followed by 5 years of construction is plausible, totaling 10 years.    

SPG Solar (2007) performed a pilot study and published the results showing that 3 acres of 

floatovoltaic (floating photovoltaic) coverage has an estimated capital cost of $5 million and 

generates about 1 megawatt of power.  Assuming the photovoltaic panels have a 15-year life and 
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are amortized at 4.125 percent, the annual cost of the $5 million installation is about $450,000.  

Assuming the power generated can be sold at $0.05 per kilowatt hour, the power generation is 

worth $135,000.  Assuming 5 feet per year evaporation reduction, a very rough estimate of costs 

is $20,000 per acre-foot (af).  Because the cost of this option is approximately 10 times more 

expensive than many other options, additional study was not performed to further refine the 

costs.  However, renewable energy credits or higher energy prices could lower the cost per af.  

Conversely, additional costs for security to avoid theft of the photovoltaic panels would add 

costs to this concept. 

In addition to yield, timing, and cost, the evaporation reduction options were characterized 

against several other criteria.  Key considerations related to technical feasibility, permitting, 

legal, and policy were largely covered in the descriptions above related to estimating option 

timing.  Permitting is expected to be substantially challenging for physical covers.  Operational 

flexibility of this option is relatively low because the concept cannot be idled in particular years 

due to infrastructure and operational limits. Physical covers will pose additional maintenance 

challenges compared to open canals.  The solar panel covers actually generate energy.  In regard 

to hydropower, all concepts that reduce evaporation can later increase hydropower production.  

In general, those options that reduce evaporation most significantly have the most positive 

impact.  Moderate improvements to water quality are anticipated for all evaporation reduction 

options because of higher canal flows that reduce salinity concentrations.  Recreation may be 

influenced by all of the system evaporation reduction options, either through limiting 

recreational access or through unknown body contact restrictions.  Conversely, reducing 

evaporation will likely result in a small increase in lake levels.  Environmental impacts are 

highly variable between concepts, depending on potential changing operations or impacts related 

to covering water bodies.  Socioeconomic impacts are difficult to fully assess because jobs will 

be created with all of these options, but there is also likely to be a combination of positive and 

negative impacts when considering more than just job creation.  Without more-detailed 

assessments, neutral conditions were assumed for socioeconomics. 

2.2 Solar Panel Reservoir Covers 

Floating solar panel covers were also proposed to cover portions of the water surface of 

reservoirs to reduce evaporation.  It was assumed that about 10 percent of the reservoir surface 

area in major reservoirs (Lakes Powell, Mead, and Havasu) could be covered, resulting in up to 

200,000 afy of reduced evaporation using similar assumptions as those for canals. 

Compared to the canal covers, an additional 5 years is anticipated to be required for the 

“floatovoltaic” concepts to address potential issues with covering the lakes in the severe 

Southwest environment and to minimize effects to recreation.  This would bring the total time to 

implement to approximately 17 years.  Cost estimates were developed as described for the canal 

covers, resulting in rough estimates of $15,000 per af.  Reducing evaporation will likely increase 

lake levels and may positively influence shoreline recreational access.  Other key criteria were 

similar to the canal covers option. 

2.3 Chemical Type Covers 

This concept includes introducing chemicals to large reservoirs (Lakes Havasu, Mead, and 

Powell) that reduce the evaporation rates of the reservoirs. 
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For this concept, it was assumed that evaporation-reducing chemicals would be added to Lakes 

Mead and Powell.  The maximum reduction in evaporation is assumed to be 50 percent.  

However, pilot investigations would be needed to confirm and refine this assumed reduction as 

appropriate.  Assuming the average evaporation from Mead and Powell is around 1.7 million 

acre-feet per year (mafy), this would result in about 0.85 mafy of evaporation savings.  Because 

of the large areas being considered for this option and the need to fully evaluate feasibility of the 

option, it would be implemented in several phases. Characterization of this option was performed 

as increments of 200 thousand acre-feet (kaf) in order to capture issues of scale and other 

complexities of large-scale programs. 

The yield of this concept is highly dependent on the actual reduction in evaporation rates and 

successful completion of the environmental review process.  Because use of chemical covers to 

reduce evaporation is not common practice and the feasibility of this option has not been 

evaluated in the extreme environment and weather conditions of Lake Mead and Lake Powell, 

feasibility studies followed by pilot programs on smaller water bodies would be expected before 

attempted on any large scale.  Also, extensive permitting would likely be required to show (with 

confidence) that adding the chemical to the water does not have negative impacts on water 

quality, public health, or the ecosystem.  It was assumed that the studies and a small pilot-scale 

test could take place within 5 years.  Next, a larger-scale pilot test of an additional 5 years may 

be required, followed by permitting and additional testing.  Therefore, it could take 15 years 

before full-scale implementation.   

This concept includes costs for airplanes, fuel, pilots, aircraft maintenance, and chemicals.  

Assuming chemical application every 10 days and two planes for chemical application, annual 

operation and maintenance is on the order of $38 million per year.  Amortizing the cost of 

purchasing or leasing the airplanes ($3.8 million) and estimating the annual costs of the other 

cost items results in a rough estimated unit cost of about $100 per af. However, costs for 

monitoring to show that the chemicals do not negatively affect the aquatic ecosystem is not 

included. 

In addition to yield, timing, and cost, the evaporation-reduction options were characterized 

against several other criteria.  Key considerations related to technical feasibility, permitting, 

legal, and policy were largely covered in the descriptions above related to estimating option 

timing.  Widespread application of chemical covers does not have a historical precedent to 

establish technical feasibility.  Permitting is expected to be substantially challenging for 

chemical covers as well as for physical covers.  Operational flexibility is related to the ability to 

idle the concept in wet years without negative consequences.  Chemical covers therefore are 

shown as more operationally flexible than physical covers.  Energy needs are relatively low for 

the chemical cover concepts.  In regard to hydropower, all concepts that reduce evaporation in 

reservoirs can later increase hydropower production.  In general, those options that reduce 

evaporation the most have the most positive impact.  Other key criteria were characterized very 

similarly to the canal and reservoir cover options. 

3.0 New Water Storage  

This group of options involves the construction or expansion of reservoir projects in order to 

increase the amount of storage available on the system.  There are two representative options in 

this group: 
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 New Water Storage 

 Improved Groundwater Management 

3.1 Pumped Storage – Central Colorado Project 

The Central Colorado Project (CCP) proposes a high-altitude, off-river, pumped-storage facility 

concept.  Union Park Reservoir would be located near the Continental Divide in Gunnison 

National Forest with a storage capacity of 1.2 maf.  The reservoir would be capable of delivering 

water to the South Platte, Arkansas, and Rio Grande basins.  It would be able to tie into the 

existing Fryingpan Arkansas Upper Colorado River Collection System and serve the 

communities in the central Front Range and Colorado Springs.  The reservoir would be filled by 

pumping excess water during spring snowmelt months from existing Blue Mesa and Taylor Park 

reservoirs (Miller, 2007).  

Storing 1.2 maf in the proposed high-altitude Union Park Reservoir instead of Lake Powell 

would result in some additional yield due to reduced losses from evaporation.  Based on existing 

evaporation rates at each location, approximately 20,000 afy could be saved under ideal 

conditions. 

All aspects of the proposed CCP are currently feasible from a technical standpoint.  Overall 

feasibility investigation of the concept has already begun and could be completed within 3 years.  

However, construction of a new dam and modified flows in the upper reaches of the Basin would 

require significant permitting activities and preparation of an EIS.  This proposed project has 

faced significant opposition for more than 30 years from Gunnison River Basin and other 

Colorado water users. The permitting process is expected to take a significant amount of time 

due to the strong and organized coalition of project opponents.   Allowing for 7 years to 

complete the permitting process and 5 years to construct the facilities, the CCP would take 

approximately 15 years to implement. 

According to the information provided in the option submittal, construction of the Union Park 

Reservoir would cost approximately $400 million.  For the purposes of the Study, it was 

assumed that other facilities considered in the plan, including pipelines and pump stations 

between the new and existing reservoirs would cost an additional $200 million to construct.  It 

was also assumed that the cost of operations would be significantly reduced by the revenue 

generated from energy production.  Based on these assumptions and considering a yield of 

20,000 afy, the unit cost of conserved water is approximately $2,250 per af. 

Additional key criteria for the pumped storage CCP option include permitting, operational 

flexibility, and energy needs.  No recent precedent exists for successfully permitting such a 

facility in the proposed region in the recent past, and the project has had significant organized 

opposition for more than 30 years.  Although there are no technical feasibility issues with 

operational flexibility, the debt service for the capital costs would still be required in all years.  

This is problematic because a portion of the debt is proposed to be serviced by power-generating 

revenues, and power generation may be limited during high-flow years. 

3.2 Reservoirs to Capture Unused Releases 

This option concept is based on the recently constructed Warren H. Brock Reservoir System 

(Brock Reservoir). Between 2008 and 2010, Reclamation constructed an 8,000-af storage 

reservoir near Drop 2 of the All-American Canal in Southern California. The new 
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reservoir stores Colorado River water that has been released from Parker Dam to meet 

downstream water orders but cannot be delivered for various reasons, such as changed weather 

conditions, high runoff into the river, or a number of other factors. In recent years, previous to 

the operation of Brock Reservoir, this water typically was not put to beneficial use within the 

United States due to the lack of sufficient storage capacity downstream of Parker Dam.  Factors 

such as evaporation, transpiration by vegetation, channel storage, tributary flows, infiltration, 

weather conditions, unscheduled pumping from the river, variations in water user demands, and 

variations in return flows can significantly affect scheduled water deliveries and river regulation, 

thereby causing water to otherwise go unused in the United States and flow into the United 

Mexican States (Mexico).  Although no specific sites were identified in the option submittal, it 

was proposed that additional reservoirs would be built to further improve the efficiency of the 

system. 

Because specific locations have not been identified, the additional volume of water made 

available cannot be accurately estimated.  Extensive evaluations would be required to calculate 

the potential cost and yield of additional reservoirs similar to the Brock Reservoir. 

Based on the cost of the recently completed Brock Reservoir, this option is estimated to cost 

$500 per af.  

Additional key criteria for this option include technical feasibility, timing, permitting, long-term 

viability, and operational flexibility.  The design and construction of an additional storage 

reservoir is technically feasible – any such project would follow industry standards that require 

no new technologies.  Identification of permitting issues, on the other hand, is challenging 

because an exact project has not been identified.  Any new reservoir proposed by a federal 

agency would require compliance with the National Environmental Policy Act and Endangered 

Species Act; therefore this option scored low on timing and permitting.  This option also scored 

low on long-term viability and operational flexibility because of the uncertainty in yield and the 

high capital costs that would be incurred even if no flows were captured in a given year and the 

system were idle.  This concept was assumed to be neutral on recreation, socioeconomics, 

energy, and water quality.   

3.3 Improved Groundwater Management 

Current groundwater management practices within the Basin vary widely from state to state.  

This option would establish Basin-wide groundwater management practices that would control 

overdraft of groundwater resources to promote long-term sustainability; prevent groundwater 

pumping from depleting rivers, streams, springs, and other groundwater-dependent resources; 

and allow for underground storage of water supplies and strategic recharge of groundwater 

where possible. 

Although careful management of groundwater is important for the overall benefit of the Basin, 

this option would not create any new supply and could reduce shorter-term available supply by 

decreasing dependence on unsustainable groundwater overdraft.  

The time required to change current practices would vary by region.  Groundwater curtailment 

plans typically require complementary plans for alternative water supply development or water 

conservation, and typically both.  The Study assumed at least 5 years of feasibility analysis to 

develop such complementary plans.  Many places in the Basin that have experienced significant 

groundwater level declines have local legal and permitting requirements in place to manage the 
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limited groundwater supply.  The submitted concept involves similar, but possibly more-

aggressive management of the groundwater basins or extension of this management to all 

groundwater basins.  Consequently, the Study assumed 3 years for permitting.  Given at least 5 

years for feasibility, 3 years for permitting, and assuming 2 additional years for implementation, 

benefits would be seen in at least 10 years.  

Without specific details and project locations, the cost is difficult to estimate and would also 

likely vary by region.  However, groundwater is typically an inexpensive supply source.  The 

average cost of replacing low-cost groundwater with a higher-cost alternative was estimated at 

$2,000 per af. 

There are trends towards curtailment of non-sustainable groundwater pumping; however, if this 

were to result in significantly increased costs or hardship, policy challenges would be 

anticipated.  For these reasons, public acceptance is unknown.  Consequently, this option scores 

low on the policy criterion.  This option does score high on long-term viability, however, 

because it is envisioned that once an alternative supply becomes available, that supply will be 

used.  Without additional details and study, this concept is considered fairly neutral for most 

other characterization criteria. 

4.0 Modify Operations of Existing Reservoirs 

This group of options includes changing operations to achieve a variety of improved efficiency 

goals and consists of a broad spectrum of individual options.  The options predominantly involve 

modifying reservoir operations (reservoir operations), but also include groundwater management 

and storage.   

From these concepts, six options were developed: 

 Reduce Reservoir Evaporation 

 Prioritize Lake Mead Storage 

 Maximize Hydropower Generation 

 Operating for Environmental Purposes 

4.1 Reduce Reservoir Evaporation 

Research shows evaporation at Lake Powell is 50 inches per year, 50 inches per year (Colorado 

River Consultants, 2008).  Similarly, evaporation at Lake Mead is estimated to average 

approximately 80 inches per year (USGS, 2006). Therefore, it may be possible to preferentially 

store water in Lake Powell to some degree rather than Lake Mead and reduce evaporation.  The 

reservoirs have different surface area-to-storage characteristics, and there are numerous other 

operational objectives that must also be considered.  Based on these differences, it is not possible 

to perform simple calculations to estimate potential benefits of evaporation savings associated 

with revised operations.  

Using the evaporation equations from the Colorado River Simulation System model for Lakes 

Powell and Mead, annual combined evaporation loss was computed for three total storage 

volumes – 16 million acre-feet (maf), 25 maf, and 33 maf (roughly 33, 50, and 66 percent of 

combined capacity).  The distribution of those volumes was varied from (1) store as much as 

possible in Lake Mead to (2) store as much as possible in Lake Powell.  As more water is stored 

in Lake Mead, the total evaporation increases.  As more water is stored in Lake Powell, total 
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evaporation is reduced.  The difference between the two extremes ranges from 175,000 afy to 

about 300,000 afy, depending on the total volume distributed between the two reservoirs.  This, 

however, does not represent the range of potential savings from reoperation.  As a gross 

estimation, in accordance with the Record of Decision for Colorado River Interim Guidelines for 

Lower Basin Shortages and Coordinated Operations for Lake Powell and Lake Mead (2007 

Interim Guidelines [U.S. Department of the Interior (DOI), 2007]), total storage tends to be 

roughly balanced between the two reservoirs presently.  As a result, reoperation from the current 

distribution to the “optimal for evaporation reduction” distribution could yield at most 100 to 

200,000 afy depending on the total reservoir volume.  Last, it is highly impractical that Lake 

Mead would be operated with as little water in storage as possible in favor of preferentially 

storing all water in Lake Powell.  For perspective, it is likely that, at minimum, enough storage to 

generate power would be maintained.  Reoperation from the current roughly 50/50 distribution to 

preferential storage in Lake Powell while maintaining the power pool at Lake Mead might yield 

10,000 to 100,000 afy of reduced evaporation, but again, this is highly dependent upon the total 

volume at any given time. 

Other studies have estimated between zero and 290,000 afy of savings may be possible 

depending on assumed operating scenarios and future hydrology conditions (Colorado River 

Water Consultants, 2008).  Analysis completed as part of this study, based on area-capacity 

curves of the two reservoirs, suggests that the potential for water savings may range from less 

than 100,000 afy to almost 300,000 afy depending on how much “preferential” storage is 

permitted in Lake Powell. 

The modification of Lakes Powell and Mead operations to reduce evaporation losses has 

significant legal and political implications. Any operational modifications could not occur until 

after 2026 when the 2007 Interim Guidelines expire. Furthermore, re-operating either reservoir 

solely to reduce evaporative losses is not consistent with either facility’s authorized purposes. 

This concept requires reoperation of the river system between Lake Powell and Lake Mead, but 

no new facilities.  However, there would likely be significant costs associated with the changes 

in timing of water deliveries, hydropower generation, and ecological and recreational impacts. 

Due to their complexity, these costs were not estimated for the Study.   

In addition to yield, timing, and cost, the evaporation reduction options were characterized 

against several other criteria.  Key considerations related to technical feasibility, permitting, 

legal, and policy were considered in option timing.  Hydropower generation, and the recipients 

of that generation, may be affected depending on how the operations are implemented.  

4.2 Prioritize Lake Mead Storage 

This group of options would designate Lake Mead as the primary water storage and distribution 

facility for the Upper and Lower basins.  These concepts varied in their vision of Lake Powell.  

One option envisioned Lake Powell being maintained at the elevation level of 3,490 feet above 

mean sea level, allowing for continued power production, and otherwise being used for seasonal 

flow variations, flood control, and sediment distribution purposes.  Another option considered 

the transfer of Lake Powell storage to groundwater aquifers, a sediment management program, 

and entertained the possibility of removing Lake Powell altogether. The concepts associated with 

decommissioning Glen Canyon Dam are outside the scope of the Study.   
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The prioritizing Lake Mead storage concept has extreme environmental, recreational, and policy 
issues.  There would likely be significant public opposition to lowering Lake Powell resulting 
from impacts on legal obligations and policy objectives, because Lake Powell provides the 
mechanism for the Upper Basin to satisfy its compact obligations.  Additionally, drawing down 
Lake Powell would result in reduced yield to the system.  Losses due to evaporation would 
increase if additional water currently stored in Lake Powell were released to Lake Mead.  The 
option to remove Lake Powell altogether would have significant negative impacts to the system 
because system storage would be dramatically reduced. 

Changing the operations procedures at either Lake Mead or Lake Powell would not require any 
new facilities and is currently technically feasible.  Time would be needed to establish new 
operational procedures and agreements among affected agencies and Reclamation, and to 
complete environmental permitting requirements.  Assuming this process could be completed in 
5 years and the revised operations completed in 2 years, modifications to operations that 
prioritize Lake Mead storage could take place in as few as 7 years.  However, modifying the 
2007 Interim Guidelines (DOI, 2007) is outside the scope of the Study, so this option was 
considered to be available in 2026, at the earliest.   

Revisions to operations could affect other operating objectives.  Lowering Lake Powell would 
have negative impacts on recreation on the lake, but could have positive impacts on recreation on 
the river through the Grand Canyon and on Lake Mead.  This option was also characterized 
negatively with regard to operational flexibility and energy needs.  Positive impacts of this group 
of options include potential impacts to river flows downstream of Glen Canyon Dam.  Because 
of a more-natural flow regime, environmental conditions for that portion of the river could be 
potentially improved. 

4.3 Maximize Hydropower Generation 
Because of seasonal flow variations and year-to-year changes in hydrologic conditions, the 
hydropower generating reservoirs in the Basin often do not operate at optimal capacity.  This 
concept proposes improving power generating efficiency in one of two ways.  The first option 
would modify reservoir operations to reduce bypass flows, particularly at the Aspinall Unit, 
Crystal, Flaming Gorge, and Fontenelle reservoirs.  Such operational changes could include a 
combination of changes to up- or down-ramp rates, timing of releases, and reservoir elevations.  
The second option would change reservoir operations to provide minimum elevations, ensuring 
that ability to generate power is consistently maintained.  

Because the purpose of this concept is to maximize power-generating capacity, it has minimal 
effects on yield.  Moving the location of storage to different reservoirs to provide the needed 
flexibility may result in negligible changes to evaporation losses.  For the purposes of the Study, 
these options were considered to result in no new yield. 
No new facilities would be needed, but time to negotiate and develop modified operation plans 
would be required.  For the purposes of the Study, an implementation period of up to 10 years 
was assumed, including 3 years for feasibility, 3 years for permitting, and 4 years for 
implementation. 

Because this concept does not create any new water supply and is based on modified operations 
the cost per af of yield has not been developed.  Although it would not produce any additional 
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supply, hydropower re-operation has the principal benefit of increasing power generation within 

the system.  Otherwise, this concept is fairly neutral for most of the characterization criteria. 

4.4 Operating for Environmental Purposes 

This group of options involves modifying reservoir operations in order to provide a higher 

degree of river ecosystem and recreational benefits.  These benefits would be generated by 

maintaining or restoring river flows, with potential modifications to the quantity or timing of 

flows, for example, on an hourly or daily basis. This concept involves the continued and adaptive 

operation of reservoirs in the Basin.  Where benefits are provided within the current flow 

regimes, these options involve the development of legal and policy mechanisms that protect 

those regimes.   

This concept would have minimal effects on yield, assuming no changes to operations on an 

annual basis.  Changing flow regimes may result in negligible changes to evaporation losses.  

For the purposes of the Study, these options were also considered to result in no new yield.    

This concept would require the institution of policies or formation of adaptive management work 

groups.  National Environmental Policy Act and Endangered Species Act compliance would be 

required.  Because of the broad nature of this group of options, the time required to formulate 

these mechanisms would vary.  Formulation of an adaptive management work group could take 

2 or more years, whereas environmental compliance might take 3 years resulting in benefits in 5 

to 7 years.  However, modifying the 2007 Interim Guidelines (DOI, 2007) is outside the scope of 

the Study, so this option was considered to be available in 2026, at the earliest.   

 This concept scores positively for recreation, environment, and wildlife.  However, it scores 

negatively for energy and the potential risk of lack of long-term commitment to revised 

operations. 

5.0 Characterization Results 

A summary of the characterization findings are shown in table F12-1.  The top portion of the 

table shows the estimated quantity of yield, earliest timing of implementation, and estimated 

cost.  The bottom portion of the table shows the 17 criteria and associated ratings (“A” through 

“E”) and is color-scaled.  In general, “C” is typically designated as mostly neutral; “A” is largely 

positive; and “E” is largely negative.  Refer to Appendix F3 for specific criteria descriptions and 

rating scales. 

Notes providing detailed justification for each option criteria rating are available in electronic 

form on the accompanying compact disc and on Reclamation’s website at 

http://www.usbr.gov/lc/region/programs/crbstudy.html. 

 

http://www.usbr.gov/lc/region/programs/crbstudy.html
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TABLE F12-1  

Summary Characterization Ratings for System Operations Options
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Appendix F13 — Options Submitted by the 
Ten Tribes Partnership and the Inter Tribal 
Council of Arizona 

Options pertaining to water development and use were submitted by tribes for consideration in 
the Colorado River Basin Water Supply and Demand Study (Study).  In particular, this appendix 
includes the original options that were submitted by the Ten Tribes Partnership and the Inter 
Tribal Council of Arizona.  See attachment A for the original option submitted by the Ten Tribes 
Partnership and see attachment B for the original option submitted by the Tribal Council of 
Arizona. 
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Attachment A — Option Submitted by the 
Ten Tribes Partnership 

 
 

TEN TRIBES PARTNERSHIP’S PROPOSED OPTION:  
VOLUNTARY TRIBAL WATER TRANSERS 

 
In past work with the Bureau of Reclamation (“BOR”), the Ten Tribes Partnership 

has emphasized the BOR’s trust responsibility to protect and to develop for the benefit of 
member Tribes the water rights reserved for the benefit of the Tribes under federal law 
(“reserved rights”).   See, e.g. Letter from Jessica R. Aberly to David J. Hayes, Deputy 
Secretary of the Interior (Jan. 8, 2001).  The Ten Tribes Partnership reiterates BOR’s trust 
responsibility here and asserts that the BOR, in carrying out a study of the supply and 
demand of the Colorado River Basin water (“Basin Study”), is legally required to ensure that 
the reserved rights of each of the member Tribes are recognized and protected in the BOR’s 
representation of the current use and future imbalances in the water supply and demand in the 
Basin. 
 

The Ten Tribes Partnership asserts here that the Basin Study must recognize that the 
member Tribes are the rightful owners of their full water entitlements (both the developed and 
undeveloped portions, and both the quantified and unquantified entitlements) to yield greater 
predictability to models of future imbalances in the Basin.  At the February 8, 2012 meeting 
between the Ten Tribes Partnership and the BOR in Parker, Arizona, BOR representatives stated 
that the modeling work for options to resolve future supply and demand imbalances would 
assume that any undeveloped portions of reserved rights are not available to resolve any future 
imbalances in the Basin.  The member Tribes appreciate this BOR action to ensure that the 
future options modeling work does not contemplate the use of undeveloped tribal water 
entitlements without the consent of the appropriate Tribe.  The member Tribes look forward to 
working individually with the BOR to ensure that the BOR model properly represents and 
protects the full water entitlement of each member Tribe.  The Ten Tribes Partnership asserts 
that the BOR modeling work and storylines for the water supply assessment (identifying the 
supply and demand imbalances) must also reflect the extent to which the demands of other water 
users cannot be met without utilizing any undeveloped portions of tribal water entitlements.  We 
would like to schedule a meeting between BOR and the Ten Tribes Partnership technical group 
as soon as possible to determine the most feasible way to accomplish such analysis. 
 

Assuming that BOR has adequately modeled or otherwise accounted for full tribal 
ownership of each water entitlement and has identified the potential use of any undeveloped 
tribal water by others, the Ten Tribes Partnership proposes that BOR assess how voluntary 
transfers of tribal water might be used to assist in meeting future imbalances.  This 
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assessment should not be constrained by any particular interpretation of existing law and 
policy in the Colorado River Basin. 

Each member Tribe has the sovereign right and authority to regulate the use of its water 
resources, and currently each Tribe has committed a portion of its water rights to uses within its 
Reservation boundaries.  Each Tribe will have a different policy and different issues with 
respect to the various options for use of its waters.  There are a number of voluntary tribal 
transfers which one or more of the Tribes are exploring, or may wish to explore, to utilize their 
water entitlements for the ultimate benefit of their members.  The voluntary tribal transfers will 
likely include, but are not limited to, water banking, water marketing, leasing and forbearance 
agreements.  These transfers could be to any existing user of Colorado River water without 
regard to geographic limits.  The analysis should include the extent to which each Tribe’s 
ability to use its water rights on any of its lands without regard to State boundaries would assist 
in meeting demands in the Basin as a whole. 
 

These proposed tribal water transfers are largely conceptual at this time.  However, 
States and other entities have implemented a variety of programs to improve the efficiency of 
water use in ways that previously would have been considered unacceptable under the Law of 
the River. There are also successful water transfer arrangements in place in the Colorado River 
Basin involving tribal water and non-Indian communities.  For example, the litigation between 
the United States and the Quechan Indian Tribe, on the one hand, and the states of California 
and Arizona and the Metropolitan Water District (MWD), et al. on the other, illuminated the 
fact that the Tribe was entitled to water beyond its current needs while at the same time 
providing water to agencies, such as MWD, which was in dire need of water given drought 
conditions and increasing water needs.  Thus, as part of the overall settlement of Quechan’s 
entitlement, an agreement was achieved between Quechan and MWD to allow MWD to receive 
the benefit of unutilized water allocation in any given year.  In a unique action, the United States 
concurred in this agreement which allows tribal water to be exchanged and utilized by nontribal 
users for a cash payment.  The Agreement, approved by the United States Supreme Court in the 
2006 decree, provides essentially that the Tribe may, at its sole option, choose to forebear (i.e., 
not use) its allocation and assign that allocation to MWD for an “add on” to MWD’s allocation.  
This option is solely at the Tribe’s discretion and may be utilized on a year-to-year basis.  The 
initial quantity of water available under the Agreement is 13,000 acre feet a year with an 
additional 7,000 acre feet available in 2035. 
 

Also, the Jicarilla Apache Nation has settlement water that it leases to a number of 
different entities for off reservation use subject to the approval authority of the Secretary of the 
Interior, and the Nation exports for depletion out of the Colorado River Basin 6,500 acre feet for 
use in the Rio Grande Basin.  In addition to leasing settlement water, the Nation, through its 
Water Administration Office, permits bulk sale of decreed water.  This water is available to 
users in and outside of the Colorado River Basin.  Using this approach eliminates the necessity 
of having to obtain Secretary of the Interior approval, which is required for leases of water for 
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off reservation use, because no interest in the Nation’s water rights is being conveyed.  This 
approach increases the efficient use of water by those in need.  This procedure will continue to 
be used by the Nation in the future. 
 

These examples demonstrate that voluntary tribal water transfers can be used to meet the 
needs of Colorado River Basin users as well as out of basin users.  Voluntary tribal water 
transfers could occur to the benefit of existing Colorado River Basin users if the proper 
agreements are put into place.  The Ten Tribes Partnership is now asking BOR to help assess 
how voluntary tribal water transfers could be used to improve the reliability of the water supply 
in the Basin. 
 

As a final note, the Ten Tribes Partnership emphasizes that these options are designed for 
voluntary tribal transfers only.  In no case should the development of these options mandate 
transfers of any particular tribal resource from any of the member Tribes.  The Ten Tribes 
Partnership invites BOR to enter into long-term discussions with the Ten Tribe Partnership to 
work through these various options.  As an interim step, we would like to schedule a meeting as 
soon as possible between BOR and the Ten Tribes Partnership technical group to determine how 
best to analyze and pursue these options. 
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Attachment B — Options Submitted by the 
Inter Tribal Council of Arizona 

The Future of the Colorado River System: 
A Tribal Perspective from Arizona 

 
Introduction 

 
The water of the Colorado River and its tributaries is the lifeblood of tribal people and tribal 
communities and has been for millennia.  Tribal people have lived along the banks of the River 
system, managing its flow and withstanding its vagaries, while building thriving civilizations in 
these arid lands. 

To every tribe, water is life.  It has a sacred value.  It is not simply a commodity to be measured, 
modeled, apportioned, bought and sold, argued about in the courts.  Water is embedded in 
tribal culture.  In many ways it is who tribal people are as human beings. 

The tribal governments of Indian nations are sovereign governments.  The United States has a 
government-to-government relationship with tribal governments.  Tribes are not "stakeholders" 
with respect to the waters of the Colorado; they are governments with a right to participate on 
an equal basis with the federal government in establishing policy for the management of the 
River. 

Today there are 30 federally-recognized Indian tribes within the boundaries of the Colorado 
River Basin.  Twenty-two of these are located or have land in Arizona.  Although the tribes 
differ in many ways, they are all united in a respect for water in all its forms. 

Tribal water management occurs within a unique legal and institutional framework and is very 
closely linked to water rights.  First in time, first in right -- the cornerstone of water law in 
Arizona and other Western states -- makes the aboriginal rights of tribes to water senior to those 
of users that arrived much later. 

A century-old United States Supreme Court ruling forms an important legal basis for Indian 
water rights.  In a 1908 decision in the case of Winters v. U.S., 207 U.S. 564 (1908), the Court held 
that when the federal government creates an Indian reservation it implicitly reserves the right to 
use a sufficient amount of water to fulfill the purposes of the reservation. 

This doctrine of federal reserved water rights for reservation areas was reaffirmed in a number 
of subsequent court decrees.  For the tribes with land in Arizona, the 1963 decision of the United 
States Supreme Court in the case of Arizona v. California, 373 U.S. 546 (1963), is particularly 
important. 

In its decision in that case, the high court said: 

"It is impossible to believe that when Congress created the great Colorado 
River Indian Reservation and when the Executive Department of this 
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Nation created the other reservations they were unaware that most of the 
lands were of the desert kind - hot, scorching sands - and that water from 
the river would be essential to the life of the Indian people and to the 
animals they hunted and the crops they raised."  Id. at 598-599. 

The Court went on to assert that it would follow the decision in the Winters case, saying "We 
follow it now and agree that the United States did reserve the water rights for the Indians 
effective as of the time the Indian Reservations were created."  Id. at 600. 

The water rights of the five tribes along the mainstem of the Colorado River below Hoover Dam 
are quantified in the Court's rulings in the Arizona v. California case. 

Over the last four decades, a number of tribes located off the mainstem of the Colorado River in 
central and southern Arizona have settled their claims for water rights through a negotiated 
process, affirmed in legislation passed by the United States Congress.  In every case, Colorado 
River water supplied through the Central Arizona Project (CAP) canal has been part of the 
settlement. 

A number of other tribes in Arizona have yet to obtain a quantification of their water rights, but 
do have allocations of CAP water.  Most of the water involved cannot be used effectively by the 
tribes due to the restrictions on the use of CAP water and to the lack of tribal water distribution 
infrastructure.  Still other tribes with land in Arizona  have no quantification of their water 
rights and no allocation of CAP water, more than 100 years after the Winters decision. 

There are eleven federally recognized tribal governments with trust land in Arizona whose 
water rights have yet to be completely adjudicated or quantified through litigation or 
settlements. 

• The Havasupai Tribe 

• The Hopi Tribe 

• The Hualapai Tribe 

• The Kaibab Band of Paiute Indians 

• The Navajo Nation 

• The Pascua Yaqui Tribe 

• The San Carlos Apache Tribe 

• The Tohono O'odham Nation 

• The Tonto Apache Tribe 

• The Yavapai-Apache Nation 

• The White Mountain Apache Tribe, which has negotiated a settlement that is pending 
final approval by the adjudication court 
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The Havasupai Tribe, Hopi Tribe, Hualapai Tribe, Kaibab Band of Paiute Indians and Navajo 
Nation are along or near the mainstem of the Colorado River as it flows through northern 
Arizona. The yet to be quantified claims of these tribes are sizeable. 

In the case of the Navajo Nation, the claims affect not just rights to water apportioned to 
Arizona, but the Upper Basin states of Utah, Colorado and New Mexico as well.  All of the 
reservation's 25,000 square miles are located within the Basin.  Flowing through the northern 
portion of the reservation, the mainstem of the Colorado forms its western boundary.  Major 
tributaries, the San Juan and Little Colorado Rivers, flow through Navajo tribal land. 

 Five tribes in Arizona have either Central Arizona Project (CAP) entitlements, but no 
settlements, or settlements for only part of their tribal lands: 

• The Pascua Yaqui Tribe (CAP entitlement only, no settlement) 

• The San Carlos Apache Tribe (CAP entitlement, partial settlement only) 

• The Tohono O'odham Nation (CAP entitlement, partial settlement only) 

• The Tonto Apache Tribe (CAP entitlement only, no settlement) 

• The Yavapai-Apache Nation (CAP entitlement only, no settlement) 

The Arizona Water Settlements Act of 2004 (AWSA) specifically reserves CAP water for use in 
future settlements.  However, the amount reserved is not sufficient to meet the water rights 
claims of all the tribes involved.  A very small quantity of mainstem water has also been 
reserved for a future settlement of tribal claims in Arizona. 

It is essential that all tribal rights to the water of the Colorado River be included in full in the 
Basin Study, including the unquantified rights of tribes without settlements.  The final 
report of the Study must reflect the fact that this water is tribal water and must be considered 
as such, whether currently quantified or not, whether currently used or not, whether 
currently leased or otherwise provided to others or not.  It is not to be considered as water 
available to other users without tribal consent. 

Appendix A lists the currently quantified rights of tribes with land in Arizona to Lower Basin 
mainstem and CAP water. 

The Tribal Role in Charting the River's Future 

Tribes must be full partners in any attempt to chart the future of the River. 

Tribes hold rights to nearly three-quarters of the water covered by Arizona Priority 1 rights.  
Tribes hold entitlements to almost half of the water covered by long term CAP entitlements.  
Tribes in other states hold equally important and substantial rights to the water of the River and 
its tributaries. 

Strategizing the future of the River is simply not meaningful without tribes at the table.  A very 
substantial portion of the water involved is tribal water, no one else's. 
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The history of the neglect of tribes and tribal rights in determining the future of the Colorado 
River has a long and sorry past.  In some respects, it started in the negotiations that led to the 
1922 Colorado River Compact, the cornerstone for the "Law of the River."  Though the decision 
in the Winters case was issued by the United States Supreme Count a decade-and-a-half earlier, 
tribes were not invited to those negotiations.  The federal government and the Basin states 
signed the Compact.  Tribes were not parties to it. 

Article VII of the Compact states: "Nothing in this compact shall be construed as affecting the 
obligations of the United States of America to Indian tribes."  Notwithstanding this language, in 
the years that followed the adoption of the Compact the settlement of tribal claims to the River's 
water -- fundamental to any allocation of that water -- languished as the federal government 
and the states went about deciding how to apportion the River's water. 

The federal government and all its agencies, including the Department of the Interior and its 
Bureau of Reclamation, are responsible for upholding the trust responsibility of the federal 
government to tribal governments. 

The Bureau of Reclamation needs to adopt a comprehensive policy addressing how it will 
fulfill its trust responsibilities.  That policy should incorporate the fundamental principles of 
the government-to-government relationship and a consultation process which involves the 
resolution of policy issues, not merely conducting listening sessions.   

The policy should speak to the protection of trust assets, the resolution and protection of tribal 
water rights, the full use of the Bureau's authority to delegate functions and provide financing 
to tribes under all provisions of the Indian Self-Determination Act, respect for sacred sites and 
tribal religious practices and culture, the full implementation of federal policies with respect to 
human remains and the return of cultural items, the implementation of environmental 
programs including those under the Endangered Species Act, along with the opportunity to 
participate fully in Reclamation programs and activities. 

The Colorado River Basin Study was created without tribes involved.  That must be corrected 
and not repeated in any future discussions involving the management of the River. 

Further, tribes must be involved as sovereign nations, not as "stakeholders."  They have a right 
to this status on an equal basis with the federal government.  

The Basin Study provides an occasion to move toward the full integration of tribal governments 
in the governance of the River.  The agreement of the US Bureau of Reclamation (BOR) to meet 
with the major River tribes on an ongoing basis during the final phase of the Study, along with 
its participation in other meetings, such as those held by Inter Tribal Council of Arizona, are 
important first steps in this direction. 

An inter-governmental forum to discuss and resolve current and future issues affecting the 
management of the River should be established that includes tribes as equal partners with 
the federal and state governments. 
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Strategies for a Way Forward 
There are a number of strategies that address tribal issues in the future of the River, issues that 
should be included in the final report of the Basin Study.  These strategies include, but are not 
limited to the ones discussed below. 

Resolution of Tribal Claims 

All discussion of water on the River must take into account the fact that tribes have claims to the 
River's water that have yet to be quantified.  Future tribal demand, and therefore total demand, 
cannot be accurately modeled while these claims remain outstanding. 

The Court system of the state of Arizona has failed tribes in its duties with regard to the 
adjudication of federal reserved water rights. The Gila River and Little Colorado River general 
stream adjudications have been pending for more than 30 years.  Not one decreed Indian water 
right has been issued, other than the ones brought to the adjudication court as a result of 
negotiated settlements.  With the surge in the growth of the non-Indian population, the 
demands on the water to which tribes have rights intensifies.  The tribes are entitled to have 
their water rights quantified and protected.  It is the solemn obligation of the government of the 
United States to insure that this happens. 

Expediting the resolution of tribal claims must be a major priority.  The Interior Department 
must take all necessary steps to facilitate this process. 

A number of settlement negotiations are or have been underway.  However, there are barriers 
to the conclusion of those negotiations, at least some of which can be removed. 

A major barrier involves the acquisition of water needed to settle tribal claims. 

In Arizona discussions are ongoing to identify sources of water and to develop appropriate 
institutional arrangements and secure funding to acquire and transport water to meet future 
non-Indian municipal and industrial needs.  The Central Arizona Water Conservation District 
has done this, both to satisfy its existing legal obligations and to supplement CAP project water.  
The Arizona Water Resources Development Commission is doing this, in part to deal with 
current and future needs of communities in the more rural parts of the state. 

Yet there appears to be no effort to identify and acquire sources of water to satisfy tribal claims. 

The US Bureau of Reclamation and the affected tribes should work together to develop a 
water acquisition strategy and implementation plan to provide water to satisfy all currently 
unquantified tribal rights.  This might involve the creation of an entity to pursue this goal.  The 
affected tribes should have majority representation on the governing body of such an entity.  It 
should have the legal power to acquire water rights, and, as appropriate, develop the 
infrastructure to make it available for tribal use. 

A second issue in the resolution of pending tribal claims involves the limitation on the amount 
of CAP water reserved for future settlements. 
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When Congress passed the Arizona Water Settlements Act (AWSA), it attempted to resolve this 
issue.  Section 104(a)(1)(A)(iii) of the Act provides that 67,300 acre-feet of the non-Indian 
agricultural (NIA) priority water available to CAP is to be available for reallocation to Indian 
tribes.  Of that amount, 23,782 acre-feet was allocated to the White Mountain Apache Tribe in its 
recently concluded negotiations, now pending final settlement in the adjudication court.  A 
major portion of the remaining 43,518 acre-feet would have been used in a proposed but not 
concluded Navajo-Hopi settlement. 

The limitation on the amount of CAP NIA water available for future settlements has the 
effect of constraining negotiations to resolve pending claims and should be increased.   

Moreover, simply awarding CAP NIA water under the current priority system is not a 
guarantee that tribes will have access to "wet" water in the future.  With the very real risk of a 
shortage of water on the River in future years, the supply available to CAP may be curtailed.  
NIA water, with its lower priority, may cease to be available.  Even NIA water "firmed" to 
Municipal and Industrial (M&I) priority status will retain that status for just 100 years.  Tribes 
have been here for millennia, and will continue to be here for long after any firming agreement 
ends. 

Current law provides that the US Secretary of the Interior, in consultation with Arizona Indian 
tribes and the state, prepare a report to Congress by December 31, 2016.  That report is to 
contain, among other things, an assessment of critical water needs on reservations without 
settlements.  Interior and tribes need to start preparations to meet this reporting requirement 
and use it as an opportunity to examine an increase in the ceiling set in Section 104(a)(1)(A)(iii) 
of AWSA. 

Enabling Tribes to Use All the Water to Which They Have Rights 

Tribes with adjudicated water rights, including the mainstem tribes, are not always in a position 
to divert all the water to which they have rights.  In recent years, mainstem tribes with rights to 
the Arizona apportionment of Colorado River water have diverted nearly all of the water to 
which they have rights.  The small remainder is not credited to those tribes in any way. 

When the Interim Shortage Guidelines were finalized in 2007, states were provided with a 
mechanism -- Intentionally Created Surplus (ICS) -- that encouraged them to conserve water 
which they are able to draw down in future years.  The ICS idea started as a demonstration 
project that was then incorporated into the Interim Shortage Guidelines. 

The ICS mechanism has proven to be popular with the states.  According to the 2010 Colorado 
River Accounting and Water Use Report for the Lower Basin states, there was an end of year 
balance in in the various ICS accounts totaling 815,341 acre-feet. 

Tribes have been given no comparable incentive to conserve water.  Their only option is to draw 
down as much water as they can within the caps in their settlements.  All the water to which 
tribes have rights that is not drawn down is lost to the tribe. 

There should be an incentive for tribes to conserve water to which they have rights. 
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That incentive might be created as a demonstration program for a Tribal Conservation Reserve 
(TCR).  The details of such a plan should be worked out by interested tribes and BOR. 

For purposes only of illustrating the concept, such details might include the following: 

• In accordance with a plan, developed voluntarily by a tribe, a portion of the 
water that the tribe is eligible to divert in a given year would be held in Lake 
Mead in the form of TCR credits.  The tribe could then divert that water in a 
future year by calling on its credits. 

• A tribe with TCR credits could use its credits for the diversion of water to its own 
reservation.  In addition, by mutual consent with another tribe with mainstem 
rights, a tribe with storage credits could elect to exchange its credits with another 
tribe for that tribe's use. 

• Such exchanges would be permitted only among tribes, and only involving 
water accounted for in the same state's apportionment. 

• The release of water reducing TCR credits would not be considered as "surplus" 
water as its withdrawal in the future year would be in lieu of its withdrawal in 
the year in which the credits were accrued. 

Such a TCR demonstration program would have a number of benefits.  The water conserved 
would be available to support the elevation of Lake Mead.  No water rights would be exceeded.  
Only water to which tribes have rights would be affected.  The demonstration would provide a 
cost-efficient, non-structural alternative to on-reservation underground storage. 

There is an additional aspect of this issue.  That involves the reuse of agricultural water. 

Tribes currently return very significant amounts of irrigation water to the River.  This is water 
that the tribes have a right to divert and put to their own use for agricultural or non-agricultural 
purposes, but instead is considered as non-tribal water as soon as it flows into the River. 

In non-Indian communities, agricultural water reuse is regarded as one of a variety of options 
for obtaining additional water to support future community needs.  This is not currently the 
case with respect to tribal communities.   

Creating a Tribal Agricultural Water Reuse demonstration project would address this issue.  
The details of such a plan should be worked out by interested tribes and BOR. 

For purposes only of illustrating the concept, such details might include the following: 

• In accordance with a plan, developed voluntarily by the tribe, the amount of 
agricultural drainage water produced in any given year would be given storage 
credits in an on-River reservoir.  The tribe could redeem those credits in a future 
year for community and economic development purposes within the 
reservation's borders. 
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• Storage credits for agricultural reuse water would be accrued year by year based 
on the calculated volume of such water. 

• The tribe could redeem its credits in any future year in accordance with its plan, 
for purposes described in that plan.  Eligible purposes might include: 

 Municipal needs in communities within the exterior boundaries of the 
reservation. 

 On-reservation economic development, including power generation. 

 On-reservation development of additional agricultural land. 

 Transfer of the use of credits to other tribes with the consent of all the 
tribes involved. 

Such a demonstration program would have a number of benefits.  Tribes would be able to make 
full use of their existing water rights.  The demonstration project would provide water for 
future reservation development without any increase in existing tribal water rights.  The 
demonstration would provide a cost-efficient, non-structural alternative to on-reservation 
underground storage of agricultural drainage water. 

Colorado River Water and Tribes with CAP Entitlements 

Eleven of the tribes in Arizona currently have entitlements to Colorado River water delivered 
through the Central Arizona Project canal.  They include tribes whose lands are within the 3-
county CAP service area, as well as tribes in other areas of the state that are not able to take 
direct delivery of water from the canal. 

Since the first of the recent tribal settlements -- that of the Ak-Chin Indian Community in 1978 -- 
CAP water has consistently been awarded in lieu of water that once flowed across or under 
tribal lands.  The promise to tribes has been:  surrender your claims to the water that was yours 
and the federal government will insure that you have water to meet your needs, water provided 
through the CAP canal. 

This promise continues into the present.  The White Mountain Apache Tribe's water settlement, 
ratified by Congress in December 2010 and currently pending final approval, involves CAP 
water.  A potential settlement of the claims of the Navajo Nation and the Hopi Tribe would 
have drawn on CAP water. 

That promise -- to supply CAP water in lieu of other surface water and groundwater in 
satisfaction of tribal claims -- is now in danger.   

Tribes with CAP entitlements may have rights to the water, but are responsible for costs related 
to delivering that water. 

 CAP water rates have escalated sharply in recent years.  From 2000 to 2012, the posted CAP 
rates for the delivery of Indian water have increased 126%.  In just the last five years, the rates 
have jumped 34%.   
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The steady and substantial increase in the cost of CAP water to which tribes have rights -- 
rights won after years of negotiation and struggle in the courts -- is a serious issue.  Future 
federal policy on Colorado River water must insure that CAP water in all tribal settlements is 
affordable in order to insure the viability of tribal agriculture and the water security of tribal 
homelands into the future. 

Power costs are the matter of most immediate concern.  The power to move Colorado River 
water far inland through the CAP canal is produced by the Navajo Generating Station (NGS).  
The owners of the NGS, including BOR, face potentially substantial upgrades of the air 
pollution control equipment at the plant's coal-fired units.  Such upgrades could be required by 
the US Environmental Protection Agency to deal with Clean Air Act issues.  A decision on this 
matter is expected in the near future. 

A study commissioned by the US Department of the Interior and currently under review 
projects that the cost to tribes that receive CAP water could jump by as much as 32% above 
current rates if NGS is required to install high end pollution control equipment. 

This one-third increase assumes that the plant stays in operation. 

Should the owners of NGS conclude that their economic interests are better served by closing 
the plant instead of installing EPA-required high end pollution control equipment, then the 
increased cost to tribes of CAP water could be in the vicinity of 66%. 

Tribes are not in a position to afford such increases.  As the officials of the Gila River Indian 
Community have pointed out, "This is like losing our water all over again." 

Environmental requirements, imposed through no fault of the tribes, must not be allowed to 
deprive tribes of the water to which they have rights.  The federal government must not 
permit such requirements to go forward or, alternatively, provide a funding stream or other 
arrangement that insures that tribes can afford to use all the water to which they have rights. 

Support for Tribal Water Management Functions 

Water conservation and increases in the efficiency of agricultural, municipal and other water 
use in reservation areas are high priority issues for all tribes.  Making the water that is available 
go further enhances tribal rights. 

Robust tribal water management capability is essential to serve all these purposes.  In turn, this 
requires appropriate institutional structures, technical expertise and access to funding. 

With a limited tax base, funding is a serious obstacle for tribes.  Tribal governments need to 
draw on a variety of federal programs to provide that funding.  However, federal and state 
programs that could provide the necessary resources impose requirements that make them hard 
to access or put them completely out of the reach of tribes.   

Barriers to tribal participation include: 

• Requirements for explicit waivers of sovereign immunity. 
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• Cost sharing requirements with limited or no possibility of exceptions for needy 
communities. 

• Inability to support preliminary engineering and environmental review reports 
required to apply for construction financing. 

• Lack of preference for communities with the most severe need and least ability to 
pay. 

In addition, there currently is no specific program to provide flexible funding for tribal 
capacity building in the water management field. 

BOR should support a technical study of barriers to tribal participation in federal 
programs that support water resource management and the development of water 
infrastructure.  

Addressing Colorado River Water Supply-Demand Imbalances 

Work done during earlier phases of the Colorado River Basin Study has projected that 
the supply of water in the River will not meet the demand for that water in the years 
ahead.  The most recent estimates indicate a shortfall in the vicinity of 2.0 million acre-
feet in 2035 and 3.6 million acre-feet or more in 2060.  Though these numerical estimates 
are recent, it has been known for years that the water in the River is over allocated. 

The first principle in addressing any projected imbalance is that tribal rights to water 
must be recognized and respected.  No option or strategy which would diminish 
tribal water rights, quantified or not, is acceptable, nor is any option or strategy which 
would reduce any tribe's right to make full use of the water to which the tribe has 
rights. 

Tribes are sovereign nations.  Under the Winters doctrine, tribes are to have complete 
control of all beneficial uses of their land and water without the interference of the states 
in which their reservations are located. Tribal rights must be fully accounted for in the 
Basin Study. 

Options and strategies to address future imbalances generally fall into two categories:  
demand management and supply augmentation. 

Demand management requires a recognition of limits. 

Over the millennia of their life in what is now the American Southwest, tribal people 
have dealt with the limits of a highly variable water supply.  The vagaries of the natural 
supply led to a variety of forms of adaptation.  Tribes survived by understanding limits.  
The more recently settled non-Indian communities must likewise understand and deal 
with these limits. 

Limits on tribal water have been imposed by nature and by man.  The latter include 
ceilings on rights to water that are a universal feature of tribal water settlements.  The 
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terms of tribal settlements do not support unlimited expansion in water use based on 
on-reservation population growth resulting from in-migration or on any other factors. 

Future population growth and economic development in the non-Indian communities of the 
Colorado River Basin must be conditioned by the federal, state and local governments on the 
availability and sustainability of the water resources necessary to support such growth and 
development. 

Supply augmentation involves a number of options.  This paper will address just one, one 
which has a direct relationship to several tribes in the Basin. 

Much of the runoff into the Colorado River originates as snowmelt in the Colorado Rockies.  
The ability of the snow pack to generate ample runoff and at the appropriate times in the spring 
is, in turn, affected by how pristine the surface of the snow cover is. 

Windborne dust has a substantial effect on runoff.  The darker the snow surface, the more it 
absorbs sunlight, heating the surface and producing an earlier runoff.  Evapotranspiration from 
plants increases, reducing runoff. 

The source of much of the dust causing this chain reaction is soil from the Colorado Plateau.   

For example, as the climate has changed, sand dunes on the Navajo reservation have grown 
rapidly and are becoming mobile.  The ongoing studies of US Geological Survey geologist Dr. 
Margaret Hiza Redsteer provide dramatic evidence of how climate change impacts the land and 
its inhabitants.  Her work sheds light not only on soil-precipitation interactions, but on how 
those dynamics can impact cultural ways. 

An article published in 2010 in the Proceedings of the National Academy of Sciences underscored the 
potential for increasing runoff into the River by reducing the dust reaching the snowpack, much 
of which originates on the Colorado Plateau.  The team of scientists performing the research 
estimated that over half of the overdraft from Lake Mead that occurred during the 2000 to 2009 
time frame resulted from a shortfall in runoff that could be attributed to dust deposition on the 
Rockies snowpack. 

The abstract of that article, "Response of Colorado River runoff to dust radiative forcing in 
snow," concluded: 

"The potential to reduce dust loading through surface stabilization in the deserts 
and restore more persistent snow cover, slow runoff, and increase water 
resources in the Upper Colorado River Basin may represent an important 
mitigation opportunity to reduce system management tensions and regional 
impacts of climate change." 

Stabilization of the soil on portions of the Navajo reservation and nearby lands at Hopi 
shows promise of significantly increasing the runoff in the Colorado River system and 
should be supported in the report of the Basin Study. 
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Conclusion 

Tribes are essential parties to any discussions of the future of the Colorado River system.  Tribal 
people used its flow to thrive in an arid environment long before others did.  Tribes hold a 
major portion of the rights to the River's flow in Arizona, as well as other states. 

Tribes must be made a full partner in such discussions.  They were not when the Colorado 
River Basin Study originated.  That must be corrected as it concludes and not repeated in the 
future. 

A full government-to-government partnership should be formed to discuss and resolve future 
issues, a partnership among tribal governments, the federal government and the state 
governments. 

In analyzing the future health of the Colorado River system, all tribal rights to the water of the 
system must be respected.  This includes rights that are currently quantified and rights that are 
not; rights to water that is currently used and water that is not currently used; rights to water 
that is leased or otherwise made available to others and water that is not.  Tribal water is tribal 
water and must not be assumed to be available to others without tribal consent. 

This report has suggested a variety of ways to accomplish these objectives: 

• Insure that the resolution of all tribal claims proceed expeditiously and that there 
is water available to satisfy these claims. 

• Insure that tribes with rights to water be able to beneficially use all the water to 
which they have rights. 

• Insure that the water from the River delivered through the CAP canal 
incorporated in tribal water settlements remains available and affordable. 

• Remove barriers to tribal access to federal and other programs that can 
strengthen tribal water management capability. 

• All communities must respect limits to the quantity of water in the system, not 
just tribal communities. 

• Augment the streamflow in the River through a soil stabilization program on the 
Colorado Plateau, including tribal lands. 

The future of the Colorado River system is what we make it.  Tribes have much they can and 
will contribute to this process. 

Revision date: March 1, 2012 
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Appendix A 
 

Colorado River Currently Quantified Tribal Water Rights/Entitlements - Tribes with Land in Arizona 
Lower Basin - Mainstem and CAP Water Only 

 
Mainstem & CAP 

 
Arizona California Nevada 

 

Central 
Arizona 

Tribe Grand Total 
 

Apportionment Apportionment Apportionment 
 

Project (CAP) 
Ak-Chin Indian Community 85,000 

 
50,000 

   
35,000 

Cocopah Tribe 10,847 
 

10,847 
    Colorado River Indian Tribes 719,248 

 
662,402 56,846 

   Fort McDowell Yavapai Nation 18,233 
     

18,233 
Fort Mojave Indian Tribe 132,789 

 
103,535 16,720 12,534 

  Gila River Indian Community 328,800 
     

328,800 
Havasupai Tribe 

  
Amount currently unquantified 

  Hopi Tribe 6,028 
 

6,028 Contract amount only, no settlement 
 Hualapai Tribe 

  
Amount currently unquantified 

  Kaibab Band of Paiute Indians 
  

Amount currently unquantified 
  Navajo Nation 

  
Amount currently unquantified 

  Pascua Yaqui Tribe 500 
 

CAP entitlement only, no settlement 
 

500 
Quechan Indian Tribe 77,966 

 
6,350 71,616 

   Salt River Pima-Maricopa Indian 
Community 35,300 

 
22,000 

   
13,300 

San Carlos Apache Tribe 64,145 
     

64,145 
Tohono O'odham Nation 74,000 

     
74,000 

Tonto Apache Tribe 128 
 

CAP entitlement only, no settlement 
 

128 
White Mountain Apache Tribe 25,000 

 
Amount in settlement, pending final approval 

 
25,000 

Yavapai-Apache Nation 1,200 
 

CAP entitlement only, no settlement 
 

1,200 
Yavapai-Prescott Tribe 500 

     
500 

Reserved for Future Settlements 47,018 
 

3,500 
   

43,518 
        Totals 1,626,702 

 
864,662 145,182 12,534 

 
604,324 

        Notes:  All water in acre-feet, measured in diversion amounts.  See text for list of tribes with no settlements or only partial settlements. 
Table provided only to indicate scope of currently quantified rights/entitlements.  See individual decrees/settlements for complete terms.  Ak-Chin 
amount is as specified for a year in which surplus water is available and excludes amount of water transfer to San Carlos. 
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Technical Report G — System Reliability 
Analysis and Evaluation of Options and 
Strategies 

1.0 Introduction 
The Colorado River Basin Water Supply and Demand Study (Study), initiated in January 2010, 
was conducted by the Bureau of Reclamation’s (Reclamation) Upper Colorado and Lower 
Colorado regions, and agencies representing the seven Colorado River Basin States (Basin 
States) in collaboration with stakeholders throughout the Colorado River Basin (Basin). The 
purpose of the Study is to define current and future imbalances in water supply and demand in 
the Basin and the adjacent areas of the Basin States that receive Colorado River water over the 
next 50 years (through 2060), and to develop and analyze adaptation and mitigation strategies to 
resolve those imbalances.  The Study contains four major phases to accomplish this goal:  Water 
Supply Assessment, Water Demand Assessment, System Reliability Analysis, and Development 
and Evaluation of Options and Strategies for balancing supply and demand. 

Spanning parts of the seven states of Arizona, California, Colorado, New Mexico, Nevada, Utah, 
and Wyoming, the Colorado River is one of the most critical sources of water in the western 
United States. The Colorado River is also a vital resource to the United Mexican States 
(Mexico). It is widely known that the Colorado River, based on the inflows observed over the 
last century, is over-allocated, and supply and demand imbalances are likely to occur in the 
future. Up to this point, this imbalance has been managed, and demands have largely been met as 
a result of the considerable amount of reservoir storage capacity in the system, the fact that the 
Upper Basin States are still developing into their apportionments, and efforts the Basin States 
have made to reduce their demand for Colorado River water. 

Concerns regarding the reliability of the Colorado River system to meet future needs are even 
more apparent today. The Basin States include some of the fastest-growing urban and industrial 
areas in the United States. At the same time, the effects of climate change and variability on the 
Basin water supply has been the focus of many scientific studies that project a decline in the 
future yield of the Colorado River. Increasing demand, coupled with decreasing supplies, will 
certainly exacerbate imbalances throughout the Basin.  

It is against this backdrop that the Study was conducted to establish a common technical 
foundation from which important discussions can begin regarding possible strategies to reduce 
future supply and demand imbalances. The content of this report is a key component of that 
technical foundation and describes the Study’s analysis of system reliability.  

This technical report includes an evaluation of the system reliability without options and 
strategies, identification and an assessment of vulnerable conditions, an evaluation of system 
reliability with implementation of different combinations (portfolios) of future potential options, 
and an assessment of those portfolios in terms of cost and timing of option implementation.  
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2.0 Approach 
The overall analytical Study approach and the technical reports that correspond with elements of 
that approach are shown in figure G-1.  As outlined in Technical Report E – Approach to 
Develop and Evaluate Options and Strategies, the Study objectives are centered on addressing 
the two focal questions of the Study: 

1. What is the future reliability of the Colorado River system to meet the needs of Basin 
resources1 through 2060? 

2. What are the options and strategies required to mitigate future risks to these resources? 

The first question requires an understanding of the underlying components of future reliability: 
water supply and water demand. Specifically, what are the factors that will determine the future 
availability of water, and what are the factors that will determine the future demand for water? 
The scenario development process, described in Technical Report A – Scenario Development, 
addresses these questions and results in scenarios that define a range of plausible future water 
supply and water demand. The scenarios for both water supply and water demand are described 
in Technical Report B – Water Supply Assessment and Technical Report C – Water Demand 
Assessment. The first question also requires an understanding of the needs of Basin resources. 
These needs are identified via the system reliability metrics described in Technical Report D – 
System Reliability Metrics. Combined, Technical Reports A – D describe the components 
needed, i.e., future scenarios of water supply and demand and resource metrics, to address the 
first question. 

The process to address the first question required evaluation of the system reliability without 
options and strategies and the assessment of the outcome through the characterization of system 
vulnerabilities. Both are presented in this report along with the findings related to the first 
question, as indicated by the first two shaded boxes in figure G-1. 

The second question relates to water management responses to mitigate and adapt to the potential 
impacts to Basin resources under plausible scenarios of the future.  The main components in 
addressing this question are first, the identification and characterization of options and second, 
the development of portfolios of options. The outcomes of these two steps are the focus of 
Technical Report F – Development of Options and Strategies.  

This report further presents the findings related to the second question describing the 
effectiveness of the portfolios at reducing system vulnerabilities through evaluation of system 
reliability with options and strategies, as indicated in the third shaded box in figure G-1. 

                                                      
1 Resources include water allocations and deliveries consistent with the apportionments under the Law of the River; hydroelectric power 

generation; recreation; fish, wildlife, and their habitats (including candidate, threatened, and endangered species); water quality including 
salinity; flow- and water-dependent ecological systems; and flood control. 
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FIGURE G-1 
Overall Study Approach 

 
 
The activities documented in this report were carried out through a collaborative process 
involving representatives of numerous organizations, including Reclamation, the Basin States, 
federally recognized tribes (tribes), and conservation organizations. A Modeling Sub-Team and 
Options and Strategies Sub-Team, composed of representatives from these organizations, were 
established to review key modeling assumptions and results from this phase. The Modeling  
Sub-Team members are listed in appendix G1 of this report. Options and Strategies Sub-Team 
members are listed in Technical Report F – Development of Options and Strategies, Appendix 1 
– Options and Strategies Sub-Team Members. 

This report presents the methods and analysis for the 1) evaluation of system reliability without 
options and strategies, 2) characterization of system vulnerabilities, and 3) evaluation of system 
reliability with options and strategies, all shaded in figure G-1.  

The general approach for the system reliability analysis and evaluation of options and strategies 
are summarized as follows. 

• Evaluation of System Reliability without Options and Strategies – The Baseline system 
reliability without options and strategies was evaluated to understand current risk for 
comparison to system reliability with options and strategies. Under the Baseline system 
reliability, plausible supply, demand and operational assumption combinations were 
considered.  
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• Define Vulnerable Outcomes and Vulnerable Conditions – Based on the six resource 
categories, definitions of vulnerability were developed for a group of system reliability 
metrics. System conditions often preceding or associated with these system vulnerabilities 
were explored, and findings from this analysis were used to guide the implementation of 
options by Colorado River Simulation System (CRSS) as part of the system reliability 
analysis with options and strategies. 

• Evaluation of System Reliability with Options and Strategies – The system reliability was 
evaluated with the inclusion of options and strategies to quantify reliability improvements.  A 
progression of four steps was taken within this analysis: 

o Evaluate how the system reliability could be improved using a portfolio in which a 
large set of feasible options are implemented as soon as they are available – the static 
framework. Within this step, demands above Lower Division States’ basic 
apportionments were met only during Surplus Conditions2. 

o Evaluate how the system reliability could be improved using a portfolio in which a 
large set of feasible options are implemented as soon as they are available. Demands 
above Lower Division States’ basic apportionments can also be met by options. 

o Evaluate how the system reliability could be improved using a portfolio that triggers 
options in response to evolving conditions suggestive of increasing vulnerability—the 
dynamic framework. Demands above Lower Division States’ basic apportionments 
can also be met by options. 

o Analyze the frequency and timing of option implementation in the dynamic portfolios 
gaining insight toward effectiveness of options at improving system reliability.  
Define common, short delay options; common, long delay options; and contingency 
options and explore changes in option definition based on different vulnerable 
conditions.   

3.0 System Reliability Methodology  
The Study developed an analytical framework that balances the capability for evaluating 
numerous future scenarios with providing sufficient model resolution to represent Basin 
resources. This section presents the main components of such a framework: 1) the inputs that 
define a wide range of plausible future conditions, or scenarios; 2) an appropriate Basin-wide 
model; and 3) a means to evaluate system performance. This section concludes with a discussion 
of how the study analyzes and interprets the simulation results and a description of key figures. 

3.1 Scenarios Reflecting Uncertain Future Conditions  
The Study evaluates uncertainty about future management conditions through water supply and 
demand scenarios, and two assumptions regarding Lakes Powell and Mead operations post-2026 
(see Technical Report A – Scenario Development). 
The supply uncertainty is represented through four water supply scenarios and associated 
themes, each comprising many individual sequences of streamflow: 

                                                      
2 In accordance with the Consolidated Decree and Article III of the Long-Range Operating Criteria, the Secretary of the Interior determines 

yearly the water supply condition for the Lower Division states. 
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• Observed Resampled: Future hydrologic trends and variability are similar to the past 
approximately 100 years—comprises 103 sequences. 

• Paleo Resampled: Future hydrologic trends and variability are represented by 
reconstructions of streamflow for a much longer period in the past (nearly 1,250 years) that 
show expanded variability—comprises 1,244 sequences. 

• Paleo Conditioned: Future hydrologic trends and variability are represented by a blend of 
the wet-dry states of the longer paleo-reconstructed period (nearly 1,250 years), but 
magnitudes are more similar to the observed period (about 100 years)—comprises 
500 sequences. 

• Downscaled General Circulation Model (GCM) Projected: Future climate will warm, 
with regional precipitation and temperature trends represented by an ensemble of future 
downscaled GCM projections—comprises 112 sequences. 

Collectively, these four supply scenarios are modeled by approximately 1,960 future supply 
sequences. 

Demand uncertainty is represented by six water demand scenarios, each reflecting different 
assumptions about future demographics and land use, technology and economics, and social 
values and governance. Each demand scenario is modeled by a single time sequence of water 
demand across the Basin, except when evaluated along with a Downscaled GCM Projected trace. 
In these cases, demand is calculated to vary in accordance with the climate conditions reflected 
by the supply trace. These storylines and their associated themes are: 

• Current Projected (A): Growth, development patterns, and institutions continuing along 
recent trends 

• Slow Growth (B): Low growth with emphasis on economic efficiency 

• Rapid Growth (C1 and C2): Economic resurgence (population and energy) and current 
preferences toward human and environmental values  

• Enhanced Environment (D1 and D2): Expanded environmental awareness and stewardship 
with growing economy 

Under the storylines, two logical branches or directions were considered for the Rapid Growth 
(slower technology adoption—C1 and rapid technology adoption and slight increase in social 
values—C2) and Enhanced Environment (current growth trend—D1 and higher growth and 
technology—D2) scenarios. 

Two operating assumptions reflect different Lakes Powell and Mead operations beyond 2026, 
when the Colorado River Interim Guidelines for Lower Basin Shortages and Coordinated 
Operations for Lake Powell and Lake Mead (2007 Interim Guidelines) (U.S. Department of the 
Interior [DOI], 2007), provided in the Colorado River Interim Guidelines for Lower Basin 
Shortages and Coordinated Operations for Lake Powell and Lake Mead Final Environmental 
Impact Statement (2007 Interim Guidelines Final Environmental Impact Statement [EIS]) 
(Reclamation, 2007), expire. In one assumption, the 2007 Interim Guidelines are assumed to be 
extended through 2060; in the other assumption, operations revert to the No Action Alternative 
from the 2007 Interim Guidelines Final EIS.  
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Collectively, these scenarios and the post-2026 operations assumption describe a wide range of 
plausible future conditions and can be used to develop quantitative estimates of the range of 
system performance and Basin resource conditions. The specific way in which the Study 
interprets these results is provided below. 

3.2 Simulating the Colorado River System 
CRSS, Reclamation’s long-term planning model, was the simulation tool utilized in the Study. 
CRSS simulates operations at a monthly time step and is developed in the RiverWare® modeling 
software (Zagona et al., 2001). Within this framework, rule-based simulation represents 
management policy using “If -Then” logic.  This capability allows for evaluation of alternative 
operations and has been used in numerous Colorado River policy and environmental impact 
studies by both Reclamation and stakeholders. 

CRSS includes a total of 12 reservoirs (Fontenelle, Flaming Gorge, Starvation, Taylor Park, Blue 
Mesa, Morrow Point, Crystal, Navajo, Powell, Mead, Mohave and Havasu), each with unique 
operational rules.  In addition to policy rules for the modeled facilities, streamflow and demand 
input data are also required. These data constitute the various supply and demand scenarios 
developed as part of the Study. For streamflow, the model has 29 input nodes in the Basin, 
corresponding with the reaches used by Reclamation for natural flow and salt computations. 
Each quantified demand scenario contains data for the more than 400 water users in the model. 
Appendix G2 describes the key assumptions common to all simulations.  

CRSS simulates future conditions based on the future supply and demand sequences, resulting in 
thousands of individual traces; one trace for each combination of supply, demand, and 
assumption regarding Lakes Powell and Mead operations beyond 2026. Table G-1 summarizes 
the total traces resulting from combinations of the water supply and demand scenarios and the 
post-2026 Lakes Powell and Mead operations assumptions. The analysis of these traces 
constitutes the basis for the system reliability analysis.   
TABLE G-1 
Summary of Scenarios and Number of Traces Used to Evaluate System Reliability 

Supply Scenarios  Demand 
Scenarios  Post-2026 Operation of 

Lakes Powell and Mead  Traces 

Observed Resampled 103 x 6 x 2 = 1,236 

Paleo Resampled 1,244 x 6 x 2 = 14,928 

Paleo Conditioned 500 x 6 x 2 = 6,000 

Downscaled GCM 
Projected 

112 x 6 x 2 = 1,344 

Total 1,959 x 6 x 2 = 23,508 

 

3.3 Performance Measures   
Performance measures are critical for evaluating system reliability and facilitating the 
comparison of different strategies to address imbalances. Collectively referenced as system 
reliability metrics (metrics), these measures are distributed geographically throughout the Basin 
and span the six Basin resource categories considered in the Study (water deliveries, electrical 
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power, water quality, flood control, recreational, and ecological). The metrics were developed 
through a collaborative process involving representatives of numerous organizations, including 
Reclamation, the Basin States, U.S. Fish and Wildlife Service (USFWS), National Park Service, 
Western Area Power Administration (WAPA), tribes, U.S. Forest Service, conservation 
organizations, water delivery contractors, contractors for the purchase of federal power, and 
others interested in the Basin.  

The Study utilizes three types of metrics:  

• System response variables representing a high-level depiction of the system operation and 
response to varying hydrologic, demand, and operating criteria. 

• System reliability metrics representing more-detailed, targeted measures that aim to evaluate 
specific attributes of interest within each resource category. These were developed primarily 
through the work detailed in Technical Report D – System Reliability Metrics.  

• Indicator metrics presenting a high-level view of system resources by either elevating an 
existing metric that is particularly telling or by combining multiple metrics into one, thus 
reflecting a larger area or broader scope.  

Each metric type in the system reliability analysis is described in more detail below.  

3.3.1 System Response Variables 
System response variables describe Basin conditions for the various scenarios. System response 
variables are a first step in investigating system performance under plausible future conditions. 
The variables are primarily direct model trace results such as pool elevations, hydropower 
generation or flow.  

When describing results across the multiple traces consisting of water supply, water demand, and 
operational assumptions quantitative summaries of the distribution of results are often presented. 
For example, for a given simulated year, a figure could present the 10th, 50th, and 90th 
percentile results. The 10th percentile result is the level at which 10 percent of the traces have 
not exceeded the value shown. This output provides a gross estimate of possible future trends 
and operational ranges for major Basin components. The results should not be interpreted as 
probabilistic estimates of what could happen and therefore are more useful as measures for 
comparisons of different strategies rather than providing a definitive assessment of a particular 
resource of the Basin. Table G-2 lists the system response variables examined in the Study. 

3.3.2 System Reliability Metrics 
As described in Technical Report D – System Reliability Metrics, metrics were defined for 
6 resource categories and 25 attributes of interest that can be quantified directly or indirectly 
based on CRSS results at one or more of 47 locations throughout the Basin. In total, 
approximately 100 individual metrics were developed. Table G-3 lists the resource categories 
and individual metrics as well as the number of locations for which each metric is quantified. 
The full suite of metric results is available in appendix G4.  

Metrics vary considerably in development complexity; some metrics only expand the type of 
reporting described for the system response variables, while others required specific model 
development and significant post-processing.  
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TABLE G-2 
System Response Variables 

System Response Variable 

Annual Flow of Green River at Green River, Utah 

Annual Flow of Colorado River near Cisco, Utah 

Annual Flow of San Juan River near Bluff, Utah 

Total Storage Above Lake Powell 

Upper Basin Annual Shortage 

Lake Powell Pool Elevation above mean sea level (msl) 

Total Upper Basin Energy Production (Cumulative Density Function [CDF] and by year) 

Lake Powell Water Year Release 

Lee Ferry Deficit 

Lake Mead Pool Elevation msl 

Lower Basin Annual Total Shortage (includes remaining demands above Lower Division States’ basic 
apportionments) 

Lower Basin Annual Regulatory Shortage 

Lower Basin Surplus Probability 

Hoover Energy Production (CDF and by year) 

Parker and Davis Energy Production (CDF and by year) 
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TABLE G-3 
System Reliability Metrics and Number of Locations  

Resource Metric No. of Locations 

Water Delivery Resource Category 

Upper Basin Shortage 1 

Lee Ferry Deficit 1 

Lower Basin Shortage 1 

Lake Mead Pool Elevation < 1,000 feet msl 1 

Remaining Demands above Lower Division States’ Basic Apportionments 1 

Upper Basin Delivery 1 

Navajo Reservoir Pool Elevation < 5,990 feet msl 1 

Lower Basin Delivery 1 

Annual Flows at Morelos Diversion Dam Above Treaty Delivery 1 

Electrical Power Resources Category 

Electrical Power Generated 3 

Available Generation Capacity 3 

Water Quality Resource Category 

Salinity Concentration 20 

Flood Control Resource Category 

Flood Control 1 

Reservoir Spill 6 

Critical River Stage Related to Flooding Risk 3 

Recreational Resource Category 

Shoreline Public Use Facility 5 

Boating Flow Days 8 

Ecological Resource Category 

Flows to Support Threatened and Endangered Species 13 

Instream Flow Rights 2 

Cottonwood Recruitment 6 

Flow-Dependent Ecological Systems 4 

Wildlife Refuges and Fish Hatcheries 7 
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3.3.3 Indicator Metrics 
To provide a summary view of resource performance in different parts of the Basin, indicator 
metrics were developed. These indicator metrics either elevate a single metric that is particularly 
significant for a given Basin resource in a particular area or combine multiple metrics to provide 
a more regional average perspective on the Basin resource. In total, 30 indicator metrics across 
the 6 resource categories were developed, as detailed in table G-4.  The disparate number of 
indicator metrics amongst resource categories is not reflective of importance, but rather the 
relative ease or difficulty associated with a high-level representation of a given category. For 
example, in the water quality resource category, the Parker to Davis reach was identified as a 
reasonable indicator of water quality conditions in the Lower Basin and represents a concise 
depiction of Basin water quality conditions.  Recreation, on the other hand, includes different 
metrics such as river boating and lake-based recreation, which are largely dependent upon the 
hydrology of Upper Basin tributaries and reservoir operations. As such, a single site cannot be 
used to indicate the reliability of the recreational resources. Therefore, more indicator metrics are 
needed to represent the vulnerability of some resources.  

TABLE G-4 
Indicator Metrics by Resource Category 

Water Delivery  Electric Power  Recreation  

Upper Basin Shortage  
Lee Ferry Deficit 
Lake Mead Pool Elevation 
< 1,000 feet msl 
Lower Basin Shortage  
Remaining Demand Above 
Lower Division States’ Basic 
Apportionment  

Lake Powell Pool Elevation 
< 3,490 feet msl 
Upper Basin Electrical 
Power Generated 
Lake Mead Pool Elevation 
< 1,050 feet msl 
 

Colorado River Optimal Boating Flow Days 
Green River Optimal Boating Flow Days 
San Juan Optimal Boating Flow Days 
Colorado River Total Boating Flow Days 
Green River Total Boating Flow Days 
San Juan Total Boating Flow Days 
Blue Mesa Shoreline Public Use Facility 
Navajo Shoreline Public Use Facility 
Flaming Gorge Shoreline Public Use Facility 
Powell Shoreline Public Use Facility 
Mead Shoreline Public Use Facility 

Ecological  Water Quality  Flood Control  

Colorado River1 
Green River 
San Juan River 
Yampa River 
Hoover Dam to Davis Dam 
Flow reductions  

Numeric Salinity Criterion 
below Parker Dam  

Lake Mead Downstream Safe Channel 
Capacity 

1 Target flows or flow recommendations from Programmatic Biological Opinions (PBOs) to support 
threatened and endangered species. 
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3.4 Interpreting Scenario Outcomes 
The scenario planning approach considered in the Study resulted in scenarios for water supply 
and water demand. Combining these scenarios, along with operational assumptions related to the 
operation of Lakes Powell and Mead, results in a large set of plausible future conditions. Each 
individual combination is simulated in CRSS and the results for each combination thus define a 
range of plausible outcomes.  

It is common practice, when using supply data based on resampled historical conditions, to 
weight the results of each trace equally and interpret the distribution of results probabilistically 
(Groves et al., 2008). For example, system reliability in a given year could be calculated as the 
percentage of traces in which supply was sufficient to meet demand. This approach may also be 
valid when using supply data based on directly sampled paleo data, such as the Paleo Resampled 
scenario or data conditioned on paleo sequencing, such as the Paleo Conditioned scenario. 
Reliability in this context is relevant to the conditions that occurred during the portion of the 
paleo record that was sampled and the resampling techniques are ground in accepted time series 
analysis (Ouarda et al., 1997; Prairie et al., 2008).  

When using downscaled GCM data (i.e. Downscaled GCM Projected scenario), however, there 
is no theoretical basis for assuming that each sequence is equally likely. The distribution of 
sequences reflects the data available from GCM simulations, which is determined by different 
research teams and the assumptions they used. When using this type of data, the distribution of 
simulation results should only be interpreted as representative of the distribution of results that 
could be experienced under the conditions described by the scenarios.  

This information, while not useful for simulating absolute outcomes, can be very useful for 
comparative purposes. For example, two different sets of options could be compared to 
understand the distribution of results across a set of GCM scenario traces. More favorable shifts 
in the distribution due to one set of options would suggest more favorable impacts on the system 
for that set of options.  

The scenarios can also be pooled together to compare how distributions change. The traces 
should not be considered as equally likely, but simply as plausible. Note that how the scenarios 
are pooled will determine the final distribution. For example, if one scenario includes more 
traces than another, then the pooled distribution will emphasize the scenario with a greater 
number of traces. 

The study uses the scenario results for comparative purposes only. To summarize these 
distributions, statistics are used that specify the level above which a particular percentage of 
results have not been exceeded. For example, the 10th percentile results for flows at a particular 
location for a specific year would be the level of flow not exceeded by 10 percent of the traces. 
Similarly, the 50th percentile, or median, is the level of flow not exceeded by 50 percent of the 
traces. The median value should not be interpreted as an average or most likely outcome—rather 
it is simply the central tendency of the distribution. 

When pooling scenarios, the Study resampled the results so that each supply scenario contributes 
the same number of observations to the pool. The Paleo Resampled scenario at 1,244 traces has 
the largest pool and all other scenarios are resampled to match when describing system response 
outcomes or vulnerabilities. Practically, this means replicating results for the other scenarios 
such that the number of traces is equal for each scenario. For example, for the system response 
results presented below, the 112 Downscaled GCM Projected results are each replicated 11 times 
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to increase the sample size to 1,232. Then 12 more sequences are randomly selected to bring the 
total to 1,244. To create a manageable sample set for the analysis of option implementation, 
results are replicated and/or sampled so that each scenario contributes 500 observations, rather 
than 1,244 traces. This means 500 observations were randomly sampled from the Paleo 
Resampled results for the options analysis, and the result from Observed Resampled at 104 
traces and Downscaled GCM Projected results were replicated and/ or sampled so that each 
scenario contributes 500 observations, thereby matching the sample size for the Paleo 
Conditioned scenario. Options analysis was them performed on the equally weighted and pool 
scenarios. 

Pooled scenario data are first evaluated in a later section using robust decision methods (Lempert 
et al., 2003; Groves and Lempert, 2007; Dessai and Hulme, 2007; Lempert and Groves, 2010). 
This approach views the scenario results not as predictions of the future, but rather a means to 
expansively trace out the plausible futures that may be faced by the Basin. Analysis of these 
results then defines those future conditions that represent vulnerabilities to the system. These 
vulnerabilities represent the future conditions in which the system performance is not achieving 
predefined goals. The options and strategies analysis, described later, then evaluates different 
ways to alleviate these vulnerabilities. This information can support decisions without an explicit 
assignment of probabilities to the scenarios. 

4.0 Evaluation of System Reliability Without Options and 
Strategies (Baseline Conditions)  

Results for select system response variables are shown across the Basin for each combination of 
supply and demand scenario and assumption regarding Lakes Powell and Mead operations 
beyond 2026 building—a total of 48 combinations. These combinations are explored across five 
system response variables: Upper Basin tributary flow, Upper Basin shortage, Lake Powell pool 
elevation, Lee Ferry deficit, Lake Mead pool elevation, and Lower Basin shortage. 

4.1 Upper Basin Tributary Flow 
Results are presented for three key system response variables, specifically, percentiles for annual 
flow for three major Upper Basin tributaries. Figure G-2 presents simulated 2012 through 2060 
gaged annual flow at (a) the Colorado River at Cisco, Utah ; (b) Green River near Green River, 
Utah; and (c) San Juan River near Bluff, Utah. Results are presented for the 48 scenario 
combinations. Both sides display 24 lines resulting from the combination of 4 water supply and 6 
water demand scenarios. With each panel further splitting the scenarios by post-2026 operation 
of Lakes Powell and Mead, where the left panel is based on extension of the 2007 Interim 
Guidelines operation and the right panel is based on reverting to the No Action Alternative (DOI, 
2007). Five scenario combinations that generally bound and fill out the results spread are 
highlighted and the remaining combinations are presented in gray. 
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FIGURE G-2 
10th, 50th, 90th Percentiles for Annual Flow at Green River, Utah (a), at Colorado River near Cisco, Utah (b) and San Juan River 
near Bluff, Utah (c) 

 

(a) 
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All sites exhibit a reduction in annual flow over the simulation period across all percentiles, 
primarily as a result of the increasing demands, as exhibited by the highlighted Observed 
Resampled, Rapid Growth (C1) scenario. The supply scenarios show the widest range of 
variability with the demands providing additional variability exhibited through further spread 
around each supply cluster. Demand variability is slightly more pronounced at the 10th and 90th 
percentiles, compared with the 50th percentile indicating demand variability is more pronounced 
at the extreme high and low flows rather than at the median.  

(c) 
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The Green River exhibits a similar central tendency (represented by the 50th percentile) of flow 
magnitudes across all scenarios, indicating little change in annual flow across the four supply 
scenarios. Whereas for the Colorado and San Juan rivers, the Downscaled GCM Projected 
supply scenario has a lower central tendency than the Observed Resampled, Paleo Resampled 
and Paleo Conditioned scenarios indicate reduced flows in these tributaries under a Downscaled 
GCM projected scenario.  

The highlighted Paleo Conditioned, Enhanced Environment (D1) scenarios generally provide the 
upper bound for the 90th percentile resulting from the more-frequent and longer-duration surplus 
spells exhibited by the scenario.  Whereas on the Green and Colorado Rivers, the Paleo 
Resampled (shown as the bottom cluster of smooth gray lines) generally provides the lower 
bound indicative of the reduced variance seen with the Paleo Resampled scenario, with years 
when Downscaled GCM scenario dips below this bound. Of note, on the San Juan River, the 
Downscaled GCM Projected scenario indicates a stronger reduction in high flows (displayed by 
the reduced 90th percentile) than any other scenario; showing the starkest change in flow under 
the Downscaled GCM Projected scenario across all sites.  

At the 10th percentile, the Downscaled GCM Projected flows again tends to provide the lower 
bound across most sites, indicating a shifted distribution of lower flows produced by the 
Downscaled GCM Projected scenario, especially on San Juan River, where the lower 10th 
percentile, coupled with reduced 90th percentile flows, indicate a shift to lower flows along with 
a reduced variance compared with the other supply scenarios. The Paleo Resampled (shown as 
the cluster of smooth gray lines) generally bounds the higher 10th percentile flows, except on the 
San Juan River, where the Paleo Conditioned scenario serves this role, indicating higher low 
flows in the Paleo Conditioned scenario than the Paleo Resampled scenario. The post-2026 
management assumption does not impact this response variable because no impacts are realized 
above Lake Powell. 

4.2 Upper Basin Shortage 
Figure G-3 presents the total Upper Basin 2012 through 2060 annual shortage, defined as 
requested demand minus actual delivery. However, there are significant limitations associated 
with CRSS when calculating annual shortages in the Upper Basin because most of the shortages 
are hydrologic shortages that occur on the tributaries within the Upper Basin.  Therefore, this 
figure significantly underestimates the shortages in the Upper Basin. 

Upper Basin median shortage increases significantly across all scenarios as a result of median 
supplies decreasing in the future, coupled with median demands increasing. Similar to historical 
conditions, there is always some amount of Upper Basin shortage for all traces and all years, 
largely due to hydrologic supply limitations on the smaller Upper Basin tributaries in the late 
irrigation season. In many tributaries, downstream senior rights and physical flows do not make 
storage a feasible option. These shortages are not affected by operation of the CRSP reservoirs. 
Nor do the post-2026 management assumptions impact this response variable because no impacts 
are realized above Lake Powell. 
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FIGURE G-3 
10th, 50th, 90th Percentiles for Magnitude of Upper Basin Annual Shortage 

 
Note that there is always some amount of upper basin shortage for all years and all traces. 
 
The Downscaled GCM Projected scenario results in the highest shortage increase due to its 
strong reduction in median flow.  The Downscaled GCM Projected scenario’s flow reduction, 
coupled with the demand increases exhibited by the Rapid Growth (C1) demand scenario, result 
in the largest shortages across all scenarios. The lower bound of the Downscaled GCM Projected 
supply scenarios cluster is defined by the Enhanced Environment (D1) demand scenario. Even 
though Slow Growth (B) scenario demands were lower than the Enhanced Environment (D1) 
scenario demands, the latter exhibits less shortage because Enhanced Environment (D1) has 
lower demands in the Upper Basin than Slow Growth (B). 
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4.3 Lake Powell Pool Elevation 
Figure G-4 presents Lake Powell end-of-December pool elevation. At the 90th percentile level 
after reservoir elevations have stabilized from initial 2010 conditions, variability across supply 
and demand scenarios is insignificant. This stable elevation represents the approximate peak 
elevation seen in December as Lake Powell begins to spill. All scenarios produce sufficient 
flows to maintain Lake Powell at peak end-of-December conditions. 

FIGURE G-4 
10th, 50th, 90th Percentiles for Lake Powell End-of-December Pool Elevation 
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At the 50th percentile, the Downscaled GCM Projected scenario across all demand scenarios 
results in lower Lake Powell levels than any other supply demand combination. The decline in 
elevation from 2012 levels range from 80 to 140 (-7.6 million acre-feet [maf] to -11.4 maf) feet 
msl by 2060, whereas across all other scenarios reservoir elevations either increase about 10 feet 
msl or decrease by up to 50 feet msl. 

Meanwhile, the 10th percentile shows a continual decline across most scenarios. At the 10th 
percentile, the Downscaled GCM Projected scenario exhibits little variability across all demand 
scenarios after 2025. Lake Powell pool elevation (before 2030) is simulated at extremely low 
levels (3,400 feet msl, 0.7 acre-feet [af]), well below minimum power pool (3,490 feet msl). The 
Paleo Conditioned scenario shows more spread across demand scenarios by 2060 bound by the 
Enhanced Environment (D1) scenario (3,480 feet msl) at higher elevations and the Rapid Growth 
(C1) scenario at lower elevations (3,420 feet msl),which is below power pool. These extreme 
levels are simulated under two supply scenarios (Downscaled GCM and Paleo Conditioned) and 
result from the increased probability of lower flow displayed through the Downscaled GCM 
Projected scenario and drought sequences that are plausible based on the paleo record but have 
not yet occurred since the filling of Lake Powell. 

Lakes Powell and Mead operation assumptions post-2026 show some influence on pool 
elevation. Under the assumed extension of the 2007 Interim Guidelines, generally lower 
elevations are seen at Lake Powell after 2026, at the 50th and 10th percentiles. This occurs due 
to Lake Powell balancing operations at various levels with Lake Mead, in addition to 
equalization operations. This is in contrast to only equalizing lake storage contents when 
reverting to the No Action Alternative. 

4.4 Lee Ferry Deficit 
Figure G-5 presents the magnitude (bottom panel) and percent of traces (top panel) with a Lee 
Ferry Deficit, defined for purposes of the Study as the amount of flow less than an aggregate of 
75 maf over 10 years. Lee Ferry is the division point between the Upper and Lower Basins 
specified in the Colorado River Compact (Compact) and is located below the Paria River. 

The percent of traces exhibiting a deficit is primarily dependent on the supply scenario, with the 
demand scenario producing some variation around each supply. The Observed and Paleo 
Resampled scenarios show little increase (1 percent) by 2060 in percent of traces with a Lee 
Ferry Deficit. This result is consistent with this constrained sampling technique, which cannot 
produce drought spells or magnitudes not found in the observed or paleo reconstructed record. 
The increased percent of traces with a Lee Ferry Deficit exhibited under the Paleo Conditioned 
scenario is a result of drought sequences consistent with the paleo sequences but not found 
directly in the reconstructed record. The Paleo Conditioned scenario Lee Ferry Deficit results in 
2 percent of traces in Deficit under Enhanced Environment (D1) demands to 8 percent under 
Rapid Growth (C1) demands. 

The Downscaled GCM Projected scenario stresses the Upper Basin more than any other 
scenario; the Downscaled GCM Project scenario deficit begins at zero, and increases to 
25 percent under Rapid Growth (C1) demands and 17 percent under Enhanced Environment 
(D1) demands.  

The magnitude of deficit is generally not influenced by supply or demand scenarios. Across each 
percentile, the scenarios crisscross each other through time but are about 3.5 maf at the 90th 
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percentile, 2 maf at the 50th percentile, and 500 kaf at the 10th percentile. Once a trace enters 
these extreme hydrologic conditions that cause a deficit, magnitudes are limited to a particular 
response. The post-2026 management assumption does not significantly impact this response 
variable. 

FIGURE G-5 
10th, 50th, 90th Percentiles for Lee Ferry Deficit in Years in Which a Deficit Occurs (top) and Percent of Traces with a Lee Ferry 
Deficit (bottom) 
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4.5 Lake Mead Pool Elevation 
Figure G-6 presents Lake Mead end-of-December pool elevation.  

At the 90th percentile, pool elevation generally increases from initial 2010 conditions 
before dropping at different magnitudes for each supply scenario. The Paleo Resampled scenario 
(lowest cluster of smooth gray lines) shows the largest pool elevation drop by 2060, ranging 
from 0 to 60 feet msl. The variance in this water supply scenario is reduced compared to the 
observed record and does not generate the frequency of surplus spells of the observed record. 
Nor does it produce the magnitudes of high annual flows also seen in the observed record. The 
next-lowest supply scenario is the Downscaled GCM Projected scenario, with a pool elevation 
drop by 2060 ranging from 0 to 30 feet msl. The remaining two supply scenarios realize an 
increase in pool elevation ranging from 30 to 40 feet msl by 2060 across all demand scenarios.  

FIGURE G-6 
10th, 50th, 90th Percentiles for Lake Mead End-of-December Pool Elevation 
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These declines are a result of less-frequent equalization and balancing releases from Lake 
Powell, primarily resulting from reduced supplies coupled with increasing Upper and Lower 
Basin demands.  

At the 50th percentile, the Downscaled GCM Projected scenario across all demand scenarios 
projects Lake Mead elevations at lower levels than any other supply demand combination. This 
indicates that the reduced supply simulated under a plausible climate assumption sharply 
diminishes the Basin storage. The drop from 2012 levels ranges from 90 to 140 feet msl by 2060, 
whereas across all other scenarios the levels range from an increase of about 5 feet to a decrease 
of 75 feet msl.  

At the 10th percentile, the Downscaled GCM Projected supply scenario exhibits little variability 
across all demand scenarios. It also shows pool elevation reaching extremely low levels (900 feet 
msl), which is below the current Southern Nevada Water Authority (SNWA) minimum pumping 
level (1,000 feet msl). The Paleo Conditioned scenario shows a much greater spread across 
demand scenarios by 2060 when the 2007 Interim Guidelines (DOI, 2007) are extended.  They are 
bound by the Enhanced Environment (D1) scenario (970 feet msl) at higher elevations and the 
Rapid Growth (C1) scenario a lower elevations (930 feet msl), also both below SNWA’s current 
intake minimum pumping level. These extreme levels are produced under these two supply 
scenarios as a result of an increased number of traces, with lower elevations displayed through the 
Downscaled GCM Projected scenario and drought sequences that are plausible based on the paleo 
record but have not yet occurred since the filling of Lake Mead The remaining supply scenarios 
2060 pool elevations range from 950 to 1,020 feet msl. 

The Lakes Powell and Mead operation assumptions post-2026 again influence results. Under the 
2007 Interim Guidelines, generally lower elevations occur at both reservoirs by 2026, resulting 
from no change in shortage guideline assumptions once Lake Mead reaches elevation 1,025 feet 
msl. At this level, the Basin States have agreed to consultation to determine actions. When 
reverting to the No Action Alternative, an operational assumption to attempt to avoid Lake Mead 
declining below elevation 1,000 feet msl is implemented and effective under all but the worst 
supply scenario, the Downscaled GCM Projected. 

4.6 Lower Basin Shortage 
Figure G-7 presents the magnitude (top panel) and percent of traces (bottom panel) with the 
Lower Basin 2012 through 2060 annual total shortage, determined as regulatory and hydrologic 
shortages plus remaining demands above the Lower Division States’ basic apportionments. The 
percent of traces with shortage begins at 100 percent in 2012. This results primarily from 
remaining demands above the Lower Division States’ basic apportionment initially not being met 
under any traces until a few years into the future, when demands above Lower Division States’ 
apportionments can be met in a limited number of traces through surplus events (approximately 
10 percent) until 2044. After 2044, surplus events cannot cover increasing demands above the 
Lower Division States’ basic apportionments under all traces. 

Across all percentiles, the Downscaled GCM Projected scenario results in the highest shortage 
increase from 530 thousand acre-feet (kaf) in 2012 to a range in 2060 of about 4 maf to 5.4 maf 
at the 90th percentile and 2 maf to 3.2 maf at the 50th percentile. This range was defined by the 
demand variability where the Rapid Growth (C1) scenario exhibited the highest shortage and the 
Slow Growth (B) scenario exhibited the lowest.  
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FIGURE G-7 
10th, 50th, 90th Percentiles for Lower Basin Shortages when Present (Regulatory, Hydrologic, and Remaining Demand above 
Lower Division States’ Basic Apportionments) (upper panel), and Percent of Traces with Lower Basin Shortages (lower panel) 

 

At the 50th percentile the supply scenarios show less difference. The Downscaled GCM 
Projected scenario is generally higher, with certain of the other scenarios bound by the demand 
variability of the Downscaled GCM Projected scenario. The remaining supply scenarios show 
little difference in the magnitude of shortage based on supply scenarios but show that the 
differences are still influenced by demand scenario variability. As a result, shortages generally 
increase from 550 kaf in 2012 to a range of 1.8 maf to 4 maf by 2060 at the 50th percentile. This 
initial 2012 shortage and continual increase in shortage is primarily driven by remaining 
demands above the Lower Division States’ apportionments, which can only be met under surplus 
conditions. 

The 10th percentile is similar to the 50th in that the Downscaled GCM Projected scenario is 
generally higher, with certain of the other scenarios bound by the demand variability of the 
Downscaled GCM Projected scenario. Shortage magnitudes range from 550 kaf in 2012 to a 
range of 100 kaf to 2.8 kaf by 2060.  
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The Lakes Powell and Mead operation assumptions post-2026 influence Lower Basin shortage. 
The 90th percentile shortage increases to 3.70 maf, and the 10th percentile shortage climbs at a 
slower rate to 1.2 maf. The jump in shortage magnitude observed around 2027 results from both 
the assumed reversion to the No Action Alternative from the Interim Guidelines Final EIS 
(Reclamation, 2007) for half the traces, and the reduced supplies represented under the 
Downscaled GCM Projected scenario. 

It is important to note that the reasons for Lower Basin shortages are different than the reason for 
Upper Basin shortages.  Lower Basin shortages are influenced by large demands, coupled with 
Compact allocations available to meet those demands as well as contrived operational rules that 
define shortages. Upper Basin shortages are caused by the lack of physical water supply, 
especially on the smaller tributaries. 

4.7 Summary 
System response variable results explored 48 different scenarios—4 supply, 6 demand, and 
2 post-2026 Lakes Powell and Mead operation assumptions.   
In summary, without options and strategies, key system response variables indicate diminished 
system performance across most system measures. The findings based on this analysis are 
summarized below: 

• Upper Basin Tributary flows exhibit a reduction in annual flow primarily as a result of the 
increasing demands. This reduction is further strengthened on the Colorado and San Juan 
rivers by the Downscaled GCM Projected scenario’s reduced supplies. Further reduction 
resulting from the Downscaled GCM Projected scenario is minimal on the Green River.  

• Upper Basin median shortage increases significantly across all scenarios as a result of 
median supplies decreasing in the future, coupled with median demands increasing. Similar 
to historical conditions, there is always some amount of Upper Basin shortage for all traces 
and all years, largely due to hydrologic supply limitations on the smaller Upper Basin 
tributaries in the late irrigation season. In many tributaries, downstream senior rights and 
physical flows do not make storage a feasible option. 

• Percent of traces with a Lee Ferry Deficit shows little increase (1 percent) by 2060 under the 
Observed and Paleo Resampled scenarios. The Paleo Conditioned scenario Lee Ferry Deficit 
results in 2 percent of traces in Deficit under Enhanced Environment (D1) demands to 8 
percent under Rapid Growth (C1) demands. Under the Downscaled GCM Project scenario, 
the deficit increases to 25 percent under Rapid Growth (C1) demands and 17 percent under 
Enhanced Environment (D1) demands as a result of the diminishing supply. The magnitude 
of deficit is generally not influenced by supply or demand scenarios and ranges from about 
500 kaf to 4 maf at the 50th percentile. 

• Lakes Powell and Mead pool elevations both indicate a wide range of future levels. At Lake 
Mead under all scenarios, except the Downscaled GCM Projected, from 2012 conditions, 
elevations range from an increase of about 5 feet to a decrease of 75 feet msl by 2060. Under 
the Downscaled GCM Projected, this range shifts down to elevations dropping from 90 to 
140 feet msl.  

• Lower Basin shortage magnitudes reflect the increasing gap between supply and demand.  As 
a result, shortages generally increase from 550 kaf in 2012 to a range of 1.8 maf to 4 maf by 
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2060 at the 50th percentile. This initial 2012 shortage and continual increase in shortage is 
primarily driven by remaining demands above the Lower Division States’ apportionments, 
which can only be met under surplus conditions.  

5.0 Defining Vulnerable Outcomes and Vulnerable 
Conditions  

The Study uses the concept of vulnerability to aid in summarizing the future conditions in which 
the system’s performance falls below acceptable thresholds across the wide range of indicator 
metrics. The performance of the Basin resources, as measured by a set of indicator metrics, 
varies considerably across changing and uncertain conditions. Some performance outcomes can 
be characterized as a largely linear or proportional response, whereas others are more aptly 
described in a binary manner. As a result, a unique threshold for undesirable or unacceptable 
performance or vulnerability was established for each of the indicator metrics. This process 
involved members of the Metrics and Modeling Sub-Teams as well as outreach to resource 
experts. The resulting vulnerability thresholds range from long-term minimum average 
performance to comparison against a historical range to a single-value criterion. By adding these 
thresholds to the process, two benefits were realized. First, by adding a vulnerability threshold to 
results, perspective is given as to the health/viability of the resource (e.g., is the resource close to 
being vulnerable?). Further, by tracking the number and persistence of vulnerable events with 
and without options over time, portfolio efficacy comparisons can be made using a variety of 
methods.  

5.1 Vulnerability Definitions 
5.1.1 Metrics and Vulnerability Thresholds 
In collaboration with the Metrics and Modeling Sub-Teams and resource experts, one or more 
vulnerability thresholds for each indicator metric were identified. Thresholds for the Water 
Delivery category were identified through an iterative process. Information from the WAPA was 
used to determine Electric Power Generation thresholds based in part on historical energy 
production from the Hoover, Glen Canyon, and other key hydropower facilities in the Basin. The 
Water Quality (salinity) and Flood Control thresholds are based on existing planning criteria for 
their respective indicator metrics. 

Vulnerability thresholds for the Recreational and Ecological resource categories were more 
difficult to identify. To develop thresholds for these metrics, a comparative control-run was 
simulated with CRSS using constant 2015 water demand and historical hydrology to define 
quasi-Baseline levels for each metric. Using those results, in conjunction with input from 
resource experts/managers, vulnerability thresholds were established based on deviation from 
these control-run outcomes.   

Vulnerability thresholds are listed with their corresponding indicator metrics in table G-5.  
Additional descriptions of these thresholds, including source and rationale, can be found in 
appendix G3 of this document. 
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TABLE G-5 
Indicator Metrics and Vulnerability Thresholds 

Resource Category/  
Indicator Metric Vulnerability Threshold 

Water Delivery 

Upper Basin Shortage  Shortage exceeds 25 percent of requested depletions in any 1 year 

Lee Ferry Deficit Running 10-year sum of deliveries falls below 75 maf in any 1 month 

Lake Mead Pool Elevation 
< 1,000 feet msl 

Reservoir storage is less than 1,000 feet msl elevation (SNWA current 
lower intake minimal pumping level) in any 1 month 

Lower Basin Shortage Two different thresholds are used, either of which indicates vulnerability 
to shortage (difference between Lower Basin basic apportionment of 
7.5 maf and actual depletions) 

(1) Exceeds 1 maf over any 2-year window 
(2) Exceeds 1.5 maf over any 5-year window 

Demand Above the Lower 
Division States’ basic 
Apportionments 

Demand above the Lower Division States’ basic apportionments exceeds 
1 maf in any year through 2035. Threshold decreases linearly from 1 maf 
in 2035 to 0.250 maf (250 kaf) in 2060. 

Electric Power Resources 

Upper Basin Generation Power generation falls below 4,450 gigawatt-hours per year (GWh/yr) for 
more than 3 consecutive years 

Lake Powell Pool Elevation, 
3,490 feet msl 

Reservoir elevation falls below power pool of 3,490 feet msl in any 
1 month 

Lake Mead Pool Elevation, 
1,050 feet msl 

Lake Mead pool elevation falls below power pool of 1,050 feet msl in any 
1 month in any year 

Water Quality Resources 

Numeric Salinity Criteria below 
Parker Dam 

Salinity exceeds 747 milligrams per liter in at least 1 year in more than 
50 percent of traces, for a given supply scenario and time period 

Flood Control Resources 

Lake Mead Downstream Safe 
Channel Capacity 

Streamflow below Hoover Dam greater than 28,000 cubic feet per second 
(cfs) in any 1 month 

Recreational Resources 

Optimal Boating Flow Days At least 1 year in which the number of boating flow days on the Green 
River, San Juan River, and Upper Colorado River is less than the 10th 
percentile of the control run1 

Total Boating Flow Days At least 1 year in which the number of boating flow days on the Green 
River, San Juan River, and Upper Colorado River is less than the 
minimum of the control run1 

Public Use Facility Recreation 
Shoreline Elevation 

Elevation of reservoirs drops below certain elevations in any 1 month: 
• Blue Mesa Elevation below 7,440 feet msl 
• Navajo Pool Elevation below 6,025 feet msl Flaming Gorge 

Elevation below 6,019 feet msl Powell Pool Elevation below 
3,560 feet msl Mead Pool Elevation below 1,080 feet msl  
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TABLE G-5 
Indicator Metrics and Vulnerability Thresholds 

Resource Category/  
Indicator Metric Vulnerability Threshold 

Ecological 

Streamflow on Yampa River 
near Maybell, Colorado  

Deviation beyond control run1 results range for (1) base flow target 
success rate  (based on USFWS, 2008) 

Streamflow on Green River at 
Green River, Utah  

Deviation beyond control run1 results range for (1) year type distribution 
(2) peak flow target success rate (3) base flow target success rate (based 
on Reclamation, 2005) 

Streamflow on Colorado River at 
State Line, Colorado 

Deviation beyond control run1 results range for (1) year type distribution 
(2) peak flow target success rate (3) base flow target success rate (based 
on McAda, 2003)  

Streamflow on San Juan near 
Bluff, Utah 

Deviation beyond control run1 results range for (1) year type distribution 
(2) year type frequency (3) base flow target success rate (based on 
Reclamation, 2006) 

Lakes Mead to Davis flow 
reductions 

Streamflow greater than 845 kaf in any 1-year (based on Reclamation, 
2004) 

1 The control run helps understand current system variability and model biases. Demands were held constant for the 
entire modeling horizon at the 2015, current projected levels in the control run, and the equalization line is held 
constant at the 2015 level. Hydrology conditions were simulated for the 49-year period using the Observed 
Resampled supply scenario. For some indicator metrics, vulnerability was defined relative to control run results. For 
example, vulnerability could be defined as meeting a flow target less frequently than the control run results (see 
appendix G-3 for vulnerability detail on each indicator metric). 

5.1.2 Vulnerability Results Without Options and Strategies 
Using the vulnerability thresholds described above, vulnerability was summarized for each 
indicator metric in two ways: 1) the proportion of simulation traces in which the threshold was 
exceeded at least once during the time period considered, and 2) the proportion of all years in the 
simulation in which the threshold was exceeded. Because each supply scenario includes a 
different number of individual traces, these statistics were calculated by resampling traces from 
each supply scenario to ensure that each scenario received equal weight. Rather than provide an 
average value for each trace, the proportion of years summarizes the overall frequency of the 
vulnerability across all traces. This helps to distinguish between, for instance, traces in which the 
vulnerability threshold is exceeded only once versus traces in which there are many vulnerable 
years. 

Summaries of vulnerability from CRSS simulations shown in this section are aggregated into 
three future time periods: 2012 through 2026, 2027 through 2040, and 2041 through 2060. The 
end of the first time period was selected to coincide with the expiration date of the 2007 Interim 
Guidelines (DOI, 2007), after which two scenarios were considered to represent different 
assumptions regarding the future operation of Lakes Powell and Mead. Figure G-8 shows a 
summary of vulnerability results without options and strategies across all scenarios for the six 
indicator metrics in the Water Delivery Resource Category. The figure provides bar plots of the 
proportion of traces (left) and years (right) in which a metric crosses the vulnerability threshold. 
Similar results for the remaining resource categories are provided in subsequent paragraphs after 
the Water Delivery vulnerability discussion below.  
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Figure G-8 shows that, in general, water delivery reliability is decreasing over time, resulting in 
increasing vulnerability. All water delivery indicator metrics show increasing vulnerability 
across the time periods, although the magnitude varies with each metric and the magnitude of 
vulnerability is much greater in the Lower Basin. For instance, the proportion of traces in which 
at least one Lee Ferry Deficit occurs increases from 2 percent in the period 2012 through 2026 to 
16 percent in the period 2041 through 2060, with 6 percent of years in the last period yielding a 
nonzero deficit.  By comparison, Lake Mead storage is also declining a greater proportion of the 
time, with the percent of traces in which lake levels fall below the 1,000-foot elevation threshold 
more than doubling from the first to the last period (13 to 40 percent) and the percent of years in 
which levels fall below 1,000 feet msl more than quadrupling (4 to 19 percent). 

Water delivery shortages to Lower Basin states also occur with greater frequency over time, with 
shortage vulnerabilities (i.e., exceeding 1 maf over any 2 years or 1.5 maf over any 5 years) 
occurring in 80 percent or more of the traces, with more than half of all years yielding a 
vulnerable outcome, by the 2041 through 2060 time period. Remaining demand above the Lower 
Division States’ basic apportionment also increases past acceptable thresholds in CRSS 
simulations: by the period 2041 through 2060, all traces exceed the threshold at some point, and 
nearly all years after 2041 would be considered vulnerable. CRSS simulations show that water 
delivery reliability is threatened by the effects of climate change, but the increasing vulnerability 
noted above also emerges in simulations derived from the historical or paleo climate record. For 
example, figure G-9 shows the percent of traces in which Lake Mead pool elevation is projected 
to be below 1,000 feet msl. These results are disaggregated by time period, supply scenario 
(columns), demand scenario (symbols), and whether the 2007 Interim Guidelines are extended 
for Lakes Mead and Powell reservoir operation after 2026 (colors). For each supply scenario 
subset, the grey region shows range and the middle black bar the scenario median. Similar results 
for all water delivery indicator metrics can be found in appendix G3. 
Figure G-9 shows that in the first time period (2012 through 2026), vulnerability in the Lower 
Basin varies primarily with the supply scenario. The Observed Resampled and Paleo Resampled 
scenarios cause a lower proportion of vulnerable traces, whereas the Paleo Conditioned and 
Downscaled GCM Projected results present a step change in percent of vulnerable traces. Little 
to no variation with demand scenario is noted in the first period (indicated by minimal variation 
in the demand scenario medians). 

In the second and third periods, results continue to vary across supply scenarios, but the variation 
between demand scenarios (same-colored symbols) increases in the Lower Basin, and a greater 
change is noted between traces in which the 2007 Interim Guidelines (DOI, 2007) are extended 
(blue) and those in which management reverts to the 2007 Interim Guidelines Final EIS 
(Reclamation, 2007) No Action Alternative (orange). In the final period, the relative difference 
between supply scenarios is of the same approximate magnitude as shown for the demand 
scenarios. Other water delivery metrics generally show similar patterns over variation across 
scenarios and over time (see appendix G3). 
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FIGURE G-8 
Summary of Vulnerability Without Options and Strategies for Water Delivery Metrics  
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FIGURE G-9 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period, Lake Mead Elevation Indicator 
Metric (Below 1,000 feet in any One Month) 

 
 
The exception to this pattern is remaining demand above Lower Division States’ basic 
apportionments (figure G-10). Here, a wide range of results across the demand scenarios are 
seen, from 43 percent to 100 percent of traces vulnerable in the 2027 through 2040 time period. 
The rate of demand increase in the Lower Division States, coupled with a threshold that drops 
over time, drives most of the vulnerability in this instance. Further, demands above basic 
apportionments are only met during surplus conditions. In the Slow Growth (B) scenario, for 
instance, many traces do not exceed the vulnerability threshold until the final time period, 
whereas in scenarios with higher rates of demand growth, 75 to100 percent of traces are 
vulnerable by 2040. The threshold is exceeded in all scenarios by the last time period, suggesting 
a clear vulnerability related to growing Lower Basin demand. 

Figure G-11 shows a summary of vulnerability results without options and strategies across all 
scenarios for the four indicator metrics in the Electric Power Resource category. The figure 
shows bar plots of the proportion of traces (left) and years (right) in which a metric crosses the 
vulnerability threshold. 

Figure G-11 shows that, in general, electric power reliability is decreasing over time. All electric 
power indicator metrics show increasing vulnerability across the time periods, although the 
magnitude varies with each metric. For instance, the proportion of traces in which Lake Mead 
pool elevation falls below 1,050 feet msl in any one month in any year increases from 31 percent 
in the 2012 through 2026 time period to 70 percent in the 2041 through 2060 time period, with 
42 percent of years in the last period falling below the 1,050 foot elevation threshold 
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FIGURE G-10 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period, Remaining Demand Above Lower 
Division States’ Basic Apportionments for a Subset of All Scenarios 

 
 

FIGURE G-11 
Summary of Vulnerability Without Options and Strategies for Electric Power Indicator Metrics 
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Figure G-12 shows a summary of the vulnerability results without options and strategies across a 
subset of all scenarios for the one indicator metric in the Flood Control Resource Category. The 
flood control vulnerabilities were few and actually decreased over time due to the increase in 
available storage associated with growing demand and reduced supply.  

FIGURE G-12 
Summary of Vulnerability Without Options and Strategies for Flood Control Indicator Metrics  

 
 
Figure G-13 shows a summary of the vulnerability results without options and strategies across a 
subset of all scenarios for the 11 indicator metrics in the Recreational Resource Category. River 
boating indicator metrics (top panel) are based on the shift in long-term average availability of 
flows deemed acceptable (total days) and optimal (optimal days) as determined from an 
American Whitewater survey analysis documented in Technical Report D – System Reliability 
Metrics.  Between the total and optimal flow metrics, the optimal metrics were consistently more 
vulnerable. This is because the window for optimal flows is more stringent and thus more 
sensitive to changes in flow. For reservoir recreation (bottom panel), Flaming Gorge reservoir 
performs notably well. This is due to a combination of less reduction in flow projections in the 
Upper Green River compared to other tributaries and slower growth relative to other regions. 
Blue Mesa and Navajo reservoirs exhibit the most stress under future demands without options 
and strategies. 

Due to model constraints, the metric for the Water Quality Resource Category, salinity below 
Parker Dam, is only available in the Observed Resampled and Paleo Resampled supply 
scenarios.  Without options enacted, across the available supply scenarios, salinity below Parker 
Dam does not violate the numeric criteria. 

Figure G-14 shows a summary of the vulnerability results without options and strategies across 
all scenarios for the five indicator metrics in the Ecological Resource Category. As detailed in 
Technical Report D – System Reliability Metrics, ecological metrics are multi-faceted. In order to 
establish vulnerability criteria, the performance of each metric’s components (e.g., meeting base 
flow or peak flow recommendations) was quantified in a control run based on the historical 
hydrology scenario and demands fixed at 2015 projected levels. Thus, during the course of a 
simulation, should the performance of a metric facet become degraded beyond the performance 
range of the control run, that outcome was deemed vulnerable. The specific details and nuances 
of the process for each of the metrics presented below can be found in appendix G3. All 
ecological indicator metrics show increasing vulnerability across the time periods, although the 
magnitude varies with each metric. For instance, the proportion of traces in which the San Juan 
River ecological indicator metric is vulnerable increases from 22 percent in the 2012 through 
2026 period to 77 percent in the 2041 through 2060 period, with 52 percent of years in the last  
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FIGURE G-13 
Summary of Vulnerability Without Options and Strategies for Recreational Indicator Metrics  
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FIGURE G-14 
Summary of Vulnerability Without Options and Strategies for Ecological Indicator Metrics  

 
 
period indicating vulnerability. Increased vulnerability is primarily a result of decreasing overall 
flows, increasing demands and shifting monthly flow distributions that may violate existing flow 
recommendations. 

5.2 Vulnerable Conditions  

5.2.1 Defining Vulnerable Conditions 
Resources of the Basin are deemed vulnerable for futures in which an indicator metric violates 
its respective vulnerability threshold. These futures are a product of specific supply, demand, and 
management combinations, and vulnerable conditions may be present in any of these future 
combinations. Rather than defining a specific scenario combination as vulnerable, it is beneficial 
to identify the shared characteristics that stress the system under vulnerable futures.  

A key step in the analysis is to identify vulnerable conditions—concise descriptions of the 
combination of future external conditions that lead the system to underperform relative to the 
vulnerability thresholds for each metric. This analysis is particularly important because some 
conditions or combinations thereof may be significantly more telling in whether a threshold is 
likely to be violated. Vulnerable conditions help focus decision makers’ attention on the  
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uncertain future conditions most pertinent to the challenges of concern and help facilitate 
discussions regarding the best ways to respond to those challenges. Appendix G3 provides more 
details and an example of this analysis. 

An analysis was performed on all five of the water delivery indicator metrics. The process began 
with the simulation model results under each plausible future generated using CRSS3. For each 
indicator metric evaluated, vulnerability thresholds define futures as either vulnerable or not 
vulnerable. The Study then identified vulnerable conditions for each metric. The analysis 
considered the following uncertainties: 

• Multiple characterizations of future hydrologic conditions (Supply Scenarios) 

• Demand (Demand Scenarios) 

• Post-2026 operations for Lakes Powell and Mead uncertainty (i.e., future management after 
the expiration of the 2007 Interim Guidelines) 

Except where noted, these uncertainties were characterized and summarized over the 50-year 
period of analysis in order to capture the long-term averages or trends that appear to lead to 
vulnerabilities. Hydrologic uncertainty is represented with a variety of different statistical 
characterizations of water supply over time.  

Vulnerabilities were first evaluated for all futures by characterizing hydrologic conditions based 
on Basin-wide flow statistics (table G-6).  

TABLE G-6 
Characterizations of Uncertainty For Vulnerable Conditions (All Futures) 

Uncertainty Characterization 

Lees Ferry Natural Flow Annual Mean (2012–2060) 

Trend (2012–2060) 

Variance (2012–2060) 

Annual Mean of Driest N-year Period (examined 5-, 8-, 10-year periods) 

Year of Driest N-year Period (examined 5-, 8-, 10-year periods) 

Annual Mean Flow of Wettest N-year period (examined 5-, 8-, 10-year 
periods) 

Year of Wettest N-year period (examined 5-, 8-, 10-year periods) 

Demand Mean Annual Post-2040 Demand1 

Post 2026-Management 
Conditions 

Extend Interim Guidelines or Revert to 2007 Interim Guidelines Final EIS 
No Action Alternative (Reclamation, 2007) 

1 Multiple characterizations of demand over a range were considered, but because of the small number of 
demand scenarios, alternative characterizations would result in equivalent descriptions of vulnerability. 

Analytically defining vulnerable future conditions serves several important purposes for the 
Study. Vulnerable conditions help to communicate clearly which plausible futures lead to 
                                                      
3 For each supply scenario, some randomly selected traces were included more than once so that each scenario contained the same number of 

traces (1,244). This, in effect, weights each supply scenario equally in the vulnerability analysis. Sensitivity tests using different weighting 
approaches (i.e., no weighting and partial weighting) showed only modest difference in these analytically derived vulnerabilities. 
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vulnerability, describing a large set of plausible futures as a small, understandable set of 
conditions. Also, upon implementation of portfolios, the change in vulnerable conditions (i.e., 
how the pool of still vulnerable traces are best described) offers a quantitative method for 
evaluation of efficacy.4 

5.2.2 Vulnerable Conditions Without Options and Strategies 
Results from the analysis of vulnerable conditions in a future without options and strategies are 
shown below. First, the Lee Ferry Deficit indicator metric is described in detail, and then a 
tabular summary of the vulnerable conditions defined for the remaining water delivery indicator 
metrics is provided. Additional detail can be found in appendix G3. 

Table G-7 provides a summary of the vulnerable conditions identified for the Lee Ferry Deficit 
indicator metric using the methodology described in appendix G3. Across all traces considered, 
approximately 19 percent yielded at least one non-zero Lee Ferry Deficit over the 50-year 
simulation period. This represents the overall proportion of vulnerable traces in CRSS analysis. 
Using only two characterizations of uncertainty—the long-term mean natural flow and driest 8-
year mean natural flow, both measured at Lees Ferry—a vulnerable condition is defined that 
included 85 percent of these vulnerable traces (coverage). Lees Ferry is the site of the Colorado 
River gaging station located above the Paria River. In addition, the vulnerable condition has a 
density of 87 percent; meaning that 87 percent of traces with these flow characteristics yielded a 
vulnerable outcome at some point during the simulation. 
TABLE G-7 
Vulnerable Conditions Defined for Each Water Delivery Indicator Metric 

Indicator Metric: Lee Ferry Deficit  

Vulnerable Condition Description: Low long-term average flow (< 13.8 maf) and 8-year drought below 
11.2 mafy 

Vulnerable Traces: 19% Vulnerability Definition: 
• Annual Mean Natural Flow at Lee Ferry 2012–

2060 < 13.8 mafy 
• Driest 8-Year Period of Annual Mean Natural Flow 

at Lee Ferry 2012–2060 < 11.2 mafy 

Vulnerability Statistics: 
• Coverage: 85% 
• Density: 87% 

 

This vulnerable condition is described as Low long-term average flow (<13.8 maf) and  
8-year drought below 11.2 million acre-feet per year (mafy). The characteristics include low 
long-term natural flow of 13.8 mafy, well below the observed historical average, and an 8-year 
drought with flows averaging below 11.2 mafy. These two conditions capture the vulnerable 
traces with high coverage and density, and are not sensitive to the range of demand scenarios 
considered or the possibility of changing operation assumptions after the 2007 Interim 
Guidelines (DOI, 2007) expire in 2026. 

  

                                                      
4 For example, a portfolio that is vulnerable in a smaller percentage of futures is more resilient to those vulnerable conditions. 
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A visual summary of Low long-term average flow (<13.8 maf) and 8-year drought below 
11.2 mafy is shown in figure G-15. Each point in the figure represents one trace in the analysis, 
characterized according to long-term mean annual flow (y-axis) and mean annual flow during the 
driest 8-year period (x-axis). Red points indicate traces with at least one Lee Ferry deficit 
vulnerability during the simulation, and gray points mark traces in which no vulnerability occurs. 
The yellow region (lower left) in the figure summarizes the vulnerable condition boundaries 
identified in the analysis; each trace that falls within this region is denoted with an X, and each 
trace outside is marked with an O. This figure shows that, despite the strong correlation between 
long-term and drought flows, a combination of restrictions in both dimensions is important to 
identifying a set of vulnerable conditions with high coverage and density. For instance, removing 
the long-term mean restriction would include all traces in the upper-left quadrant. Although there 
are some vulnerable traces in this quadrant not captured in Low long-term average flow 
(<13.8 maf) and 8-year drought below 11.2 mafy, a majority of these traces are not vulnerable, 
and therefore density would drop dramatically were this region included. 

FIGURE G-15 
Scatter Plot of Vulnerable Conditions for the Lee Ferry Deficit Indicator Metric Without Options and Strategies  

 
Summaries of the identified vulnerable conditions for all water delivery indicator metrics are 
shown in table G-8. For each indicator metric, the table provides a brief description of the 
vulnerable conditions and specifies the percentage of total traces that are vulnerable. Next, the 
table indicates the set of one or more restrictions on uncertain future system conditions that 
together describe the vulnerability. For quantitative inputs (e.g., annual mean natural flow at 
Lees Ferry from 2012 through 2060), the cells include a graphical illustration of the restrictions. 
In these plots, the blue line shows the range of input values across all traces. Annual mean 
natural flow from 2012 through 2060, for example, ranges from 10 to 18.5 mafy. The  
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Table G-8 
Vulnerable Conditions Defined for Each Water Delivery Indicator Metric  
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Table G-8 
Vulnerable Conditions Defined for Each Water Delivery Indicator Metric  
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superimposed red line shows the subset of this range included in the definition of the vulnerable 
condition (e.g., all traces with mean 2012 through 2060 flow less than 13.8 maf). Finally, the 
words in between the columns indicate whether just one of the conditions needs to be met to fall 
within the vulnerable conditions (“OR”) or whether all conditions must be met to fall within the 
vulnerable conditions (“AND”). 

Additional information about the vulnerable conditions, including summaries of the statistical 
results from the clustering algorithm applied, is provided in appendix G3.  

In general, vulnerable conditions for the majority of the water delivery indicator metrics 
described in table G-8 can be concisely described using two main drivers: 1) Lees Ferry natural 
flow and 2) post-2026 operations for Lakes Powell and Mead. Furthermore, the analysis shows 
that natural flow is best described with two of the many characterizations considered: a) annual 
mean (2012 through 2060) and b) annual mean of driest 8-year period.  

The specific thresholds for these inputs vary by metric, but a combination of these two flow 
characterizations and the post-2026 operations for Lakes Powell and Mead fully describe the 
vulnerable conditions for four of the six indicator metrics in the Baseline simulations. 

The exceptions to this are Upper Basin shortage and remaining demand above Lower Division 
States’ basic apportionments. Conditions that typically produce an Upper Basin shortage above 
the vulnerability threshold are generally related to natural hydrologic flow conditions, not non-
depletive flow requirements at Lees Ferry. For remaining demand above Lower Division States’ 
basic apportionments, all traces yield at least 1 vulnerable year in the Baseline simulations, and 
therefore no non-vulnerable conditions can be identified.  

Figure G-16 relates the vulnerable conditions defined for each metric back to the supply 
scenarios developed as inputs to the analysis. For each water delivery indicator metric, the 
percentage of traces within vulnerable conditions is shown. Further, of those traces, the percent 
from each water supply scenario is specified. Because the total percent of traces in vulnerable 
conditions is rather high for most, their contributions from different supply scenarios are largely 
comparable (100 percent of traces vulnerable would produce exactly equal contributions from 
each scenario). The Lee Ferry Deficit and Lake Mead pool elevation indicator metrics are the 
exception and show a higher percent of traces being from the Downscaled GCM Projected 
scenario. This indicates that those metrics are more likely to be vulnerable under that particular 
supply and less so under the others.    

6.0 Evaluation of System Reliability With Options and 
Strategies 

The Baseline system reliability evaluation section revealed a wide range of plausible future 
outcomes for the Study Area. The recurrent tendency of these outcomes, however, suggests 
increasingly challenging future conditions. For example, the median pool elevation at Lake Mead 
declines significantly across all scenarios evaluated. This discussion was followed by a 
characterization the external conditions in which the system was vulnerable. For example, Lake 
Mead levels are likely vulnerable if long-term average natural flow is slightly lower than the 
mean, and 8-year drought natural flows at Lees Ferry are below 13 mafy. These conditions 
occurred in almost half of all traces evaluated in the Study. 
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FIGURE G-16 
Proportion of Supply Scenario Within Each Set of Vulnerable Conditions Without Options and Strategies, by Water Delivery 
Indicator Metric 

 
 

Given these findings, the key remaining important question the Study strives to address what it 
will take to solve the supply and demand imbalance problem. In light of increasing demand and 
possibly diminishing supply, exploration of system imbalances and resource impacts is an 
important component of the Study. Another challenge not included in the Baseline modeling is 
the significant demands above Lower Division States’ basic apportionment, as quantified in 
Technical Report C – Water Demand Assessment. Over the Study horizon, these additional water 
needs grow to nearly 2.8 mafy in some scenarios. Understanding the capacity of the system to 
address this extra demand is also a key part of the Study. 

This section begins by summarizing options that are available to address both system needs and 
remaining demands above Lower Division States’ basic apportionment. Next, it evaluates how 
the system could be improved using a portfolio in which a large set of feasible options are 
implemented as soon as they are available. The simulations first consider improvements and 
incurred costs when options only address Lower Division States’ demands within basic 
apportionments. Thereafter, improvements and cost are re-evaluated when also addressing 
demands above Lower Division States’ basic apportionments. The simulations of these static 
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portfolios provide an upper bound for potential system vulnerability reduction by implementing 
the options modeled quantitatively in the Study. This section describes an analysis of dynamic 
portfolios, which trigger options in response to evolving conditions..  

6.1 Portfolios of Options to Address System Imbalances 
From November 2011 through February 2012, the Study solicited public input on options and 
strategies for helping to resolve future water supply and demand imbalances in the Basin. The 
Study cost-share partners sought input from a broad range of stakeholders and interested parties 
located within as well as external to the Basin. Through this processes approximately 160 
individual option submissions were received. Technical Report F – Development of Options and 
Strategies is a comprehensive documentation of the solicitation and collection process, option 
organization and classification, and a 17-criteria rating. The following is an overview of the 
detailed content contained therein and how those options were incorporated into the system 
modeling.  

6.1.1 Individual Options  
Of the many submissions received, all were classified as one of four high-level groupings: those 
that increase supply, those that reduce demand, those that are related to system operations, and 
those that are primarily related to governance and implementation. Although many of the options 
are conducive to the quantitative framework employed in the Baseline modeling, others were less 
amenable and thus were evaluated in a qualitative manner or via a more appropriate, alternate 
quantitative method.   

Because many of the submissions were similar in spirit, these options were combined when 
possible, as a representative option. The motivation for doing this is largely three-fold. By 
summarizing like ideas as a representative option, one is not given preference over another. 
Further, the associated details of timing, yield and implementation can be quantified consistently 
across all representative options. Last, representative options ensure that the potential benefit of a 
particular type of option is not overstated or understated by determining yield based on objective 
review, not relative popularity.   

Each of the submitted options was evaluated based on 17 characterization criteria shown in 
table G-9. The criteria were selected to capture important attributes for the Study and to provide 
a relative comparison among options. Each option was assigned either a quantitative value (e.g., 
dollars per af for the cost of water) or a five-point rating (“A” through “E”) for each of the 
criteria, where “A” represents the most favorable rating and “E” the least favorable. A detailed 
description of the options and characterization process is described in Technical Report F – 
Development of Options and Strategies. The characterization criteria results were used to 
determine if an option was realistically feasible given the Study time window, and therefore 
whether it should be included in the system modeling with options and strategies.   

6.1.2 Static Portfolio of Options 
In many plausible future conditions, the implementation of more than one option will be required 
to address Basin challenges. To evaluate the potential for available options to reduce or eliminate 
vulnerabilities, a single, static portfolio of options was developed—Static Portfolio A. This 
portfolio includes a large set of options submitted by the public and characterized as described 
above. The portfolio implementation is static in that it specifies that each option is to be  
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TABLE G-9 
Criteria Used to Characterize Representative Options 

Criteria Summary Description of Criteria 

Quantity of Yield  The estimated long-term quantity of water generated by the option— either an 
increase in supply or a reduction in demand 

Timing Estimated first year that the option could begin operation  

Technical Feasibility  Technical feasibility of the option based on the extent of the underlying technology 
or practices 

Cost The annualized capital, operating, and replacement cost per af of option yield 

Permitting Level of anticipated permitting requirements and precedent of success for similar 
projects 

Legal Consistency with current legal frameworks and laws, or precedent with success in 
legal challenges 

Policy Considerations Extent of potential changes to existing federal, state, or local policies that concern 
water, water use, or land management 

Implementation Risk Risk of achieving implementation and operation of option based on factors such as 
funding mechanisms, competing demands for critical resources, challenging 
operations, or challenging mitigation requirements 

Long-term Viability Anticipated reliability of the option to meet the proposed objectives over the long 
term 

Operational Flexibility Flexibility of option to be idled from year to year with limited financial or other 
impacts 

Energy Needs Energy required to permit full operation of the option, including treatment, 
conveyance, and distribution 

Energy Source Anticipated energy source to be used to allow option to be operational 

Hydropower Anticipated increases or decreases in hydroelectric energy generation associated 
with implementation of the option 

Water Quality Anticipated improvements or degradation in water quality associated with 
implementation of the option. 

Recreation Potential impacts to recreational activities including in-river and shoreline activities 

Other Environmental 
Factors 

Other environmental considerations, such as impacts to air quality, or aquatic, 
wetland, riparian, or terrestrial habitats 

Socioeconomics Potential impacts to socioeconomic conditions in regions within or outside of the 
Basin as a result of implementing the option 

 

implemented when available, regardless of the simulated system conditions. Therefore, the static 
portfolio represents an upper bound as to how much improvement the system could experience 
using the options in the portfolio, even though in many future conditions, the system may not 
require all the options to be implemented. 

Table G-10 summarizes the type, number, and yield of the options included in Static Portfolio A, 
by time period—near-term (years 1 through 25), long-term (years 26 through 50), and total 
(years 1 through 50). This portfolio considers 36 options, and, when completely implemented, 
could yield approximately 6.3 maf in increased supply or reduced demand at an annualized cost 



Colorado River Basin 
Water Supply and Demand Study 
 
 

G-44 December 2012 

estimated at $7.9 billion. Although all of these options either increase supply or reduce demand, 
the spatial differences of the options and methods of integrating within the system may limit the 
ability to address vulnerabilities. This limitation is particularly true for addressing Upper Basin 
shortages on tributaries.  

TABLE G-10 
Summary of the Type, Number, and Yields of Options Included in Static Portfolio A 

Option 
Category Option Type 

Near-Term Long-Term Total 

Number of 
Options 

Sum of 
Yield 
(kafy) 

Number of 
Options 

Sum of 
Yield 
(kafy) 

Number 
of 

Options 

Sum of 
Yield 
(kafy) 

Augment 
Supply 

Desalination 8 1,176 2 300 10 1,476 

Import 0 0 1 600 1 600 

Local Supply 2 175 0  2 175 

Reuse 4 618 3 532 7 1,150 

Watershed 
Management 4 610 1 120 5 730 

Total 18 2,579 7 1,552 25 4,131 

Reduce 
Demand 

Agricultural 
Conservation 5 1,000 0 0 5 1,000 

Energy Sector 
Water Use 
Efficiency 

1 160 0 0 1 160 

M&I 
Conservation 3 600 2 400 5 1,000 

Total 9 1,760 2 400 11 2,160 

Grand Total 27 4,339 9 1,952 36 6,291 

 
Based on results presented in the previous section on system reliability without options and 
strategies, significant vulnerabilities exist. In that modeling, demands above Lower Division 
States’ basic apportionments were only met under quantified, domestic, flood control or 70R 
surplus conditions. Therefore, upon consideration of options, the first undertaking is to explore 
their capacity to ameliorate those previously identified vulnerabilities. To accomplish this, 
modeling assumptions remain unchanged and the Static Portfolio A is used. However, of the 
many options included therein, several have capacity to benefit demands above Lower Division 
States’ basic apportionments, and are not included in this exercise. The resulting portfolio has an 
annual yield of approximately 4 mafy by 2060 with an annualized cost estimated at $5 billion. 
As option yield enters the system, it is allocated in accordance with the operational framework 
utilized in the modeling without options. Recall that pursuant to this assumption, deliveries to 
demand above Lower Division States’ basic apportionments only occur during periods of 
surplus.  

Because sizeable demands above Lower Division States’ basic apportionments exist, the capacity 
of options to resolve system vulnerabilities while also delivering to demands above Lower 
Division States’ basic apportionments is also analyzed. The entire Static Portfolio A, including 
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options that only address demands above Lower Division States’ basic apportionment as 
described in table G-10, is now considered. This constitutes an additional yield/benefit of about 
2.3 mafy by 2060 at an estimated annualized cost of $2.7 billion. When considering the 
additional options, which directly address demands above Lower Division States’ basic 
apportionments, additional modeling assumptions pertaining to the allocation of the Lower Basin 
option benefits are required between those demands and the system. Appendix G3 describes an 
approach and sensitivity analysis of how this might be accomplished. For the results presented in 
the remainder of this report, when demands above Lower Division States’ basic apportionments 
are met by options, benefits are assumed to offset demands above Lower Division States’ basic 
apportionments until the Lake Mead pool elevation falls below 1,050 feet msl. At this point, 
options with capacity to do so benefit the system until Lake Mead’s pool elevation has recovered 
above the 1,050–foot threshold.  

To simulate the above described portfolio, the functionality to augment supply and reduce 
demands at the appropriate spatial locations was built into CRSS framework (see appendix G2 
for additional model details). At the onset of a simulation, a list of the various options, 
containing their quantified yield and year available, is passed to the model. Under the static 
portfolio, each option is implemented at the earliest possible year and for the full yield. At the 
end of each simulation with the full Static Portfolio A, all options are implemented with a total 
annual yield of approximately 6.3 mafy at an annualized cost estimated at $7.7 billion.  

Results from these modeling simulations are presented in the sections below and compared with 
outcomes of the system reliability modeling without options and strategies (referred to as 
Baseline from here on). In doing so, the capacity to resolve system imbalances is made apparent, 
both for assumptions that limit deliveries to basic apportionments and those extending it to 
demands beyond. 

Figure G-17 shows the effects of the Static Portfolio A on water delivery vulnerabilities for three 
time periods when not addressing demands above Lower Division States’ basic apportionments, 
across all scenarios. The implementation of all the options in the portfolio significantly reduces 
the number of years in which the system is vulnerable for all the water delivery indicator metrics. 
It nearly eliminates years in which there is a Lee Ferry Deficit across all time periods. The 
number of years in which Lake Mead drops below 1,000 feet msl is reduced from 22 percent to 
2 percent, as are the number of years in which a Lower Basin Shortage occurs; from around 
50 percent of the years to around 5 percent of the years.  

Although the analysis shows the percent of vulnerable years resulting in an Upper Basin shortage 
decreasing with the portfolio options, this may be a result of CRSS-simplified representation of 
smaller tributaries in the Upper Basin.  Because the smaller tributary demand is placed on the 
mainstem of the larger tributaries (Yampa, Colorado, Gunnison, and San Juan), the model tends 
to overestimates the ability of many options to reduce the associated shortages.  For example, 
municipal conservation on the Front Range or in large cities along the mainstem Colorado will 
not increase flow on smaller tributaries where many of the shortages exist.  This observation is 
true for each of the portfolios considered. 
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FIGURE G-17 
Percent of Vulnerable Years for Each Indicator Metric Across Three Time Periods for the Baseline and Static Portfolio A. 
Includes only system benefits.  

  
Graph reflects a subset of all scenarios evaluated for the portfolio analysis—Supply Scenarios: Observed Resampled, Paleo 
Conditioned, and Downscaled GCM Projected; Demand Scenarios: Current Projected (A), Rapid Growth (C1), Enhanced 
Environment (D1); Management Scenarios: Interim Guidelines Continued, Revert to 2007 Interim Guidelines Final EIS No Action 
Alternative. 

Figure G-18 shows the effects that Static Portfolio A would have when providing both a system 
benefit and addressing demands above Lower Division States’ basic apportionments, across all 
scenarios for three time periods. The implementation of all the options in the portfolio 
significantly reduces the number of years in which the system is vulnerable for all the water 
delivery indicator metrics. The portfolio completely eliminates the vulnerability associated with 
remaining demand above Lower Division States’ basic apportionments. For other indicator 
metrics, nearly identical vulnerability reductions were achieved, relative to the portfolio only 
addressing system benefits, but at an increased $2.7 billion annualized cost. However, the 
additional cost eliminates the remaining demands above Lower Division States’ basic 
apportionments vulnerability. 

To illustrate the static portfolio’s effect on outcomes relative to the various demand, supply, and 
management scenarios, figure G-19 shows the range of traces in which Lake Mead is vulnerable 
across three time periods for the Baseline case and Static Portfolio A across a subset of the 
demand, supply, and management scenarios. The static portfolio has minimal effect in the first 
time period, due to the time required to bring on most of the options. In the second period, the 
portfolio completely eliminates vulnerabilities derived from the Observed Resampled supply  
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FIGURE G-18 
Percent of Vulnerable Years for Each Indicator Metric Across Three Time Periods for the Baseline and Static Portfolio A. 
Includes System and Demands Above Lower Division States’ Basic Apportionments Benefits.  

 
Graph reflects a subset of all scenarios evaluated for the portfolio analysis—Supply Scenarios: Observed Resampled, Paleo 
Conditioned, and Downscaled GCM Projected; Demand Scenarios: Current Projected (A), Rapid Growth (C1), Enhanced 
Environment (D1); Management Scenarios: Interim Guidelines Continued, Revert to 2007 Interim Guidelines Final EIS No Action 
Alternative. 
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FIGURE G-19 
Percent of Vulnerable Traces for the Lake Mead Elevation Indicator Metric Across Three Time Periods for the Baseline and 
Static Portfolio A, by Supply and Demand Scenario 

 
Graph reflects a subset of all scenarios evaluated for the portfolio analysis—Supply Scenarios: Observed Resampled, Paleo 
Conditioned, and Downscaled GCM Projected; Demand Scenarios: Current Projected (A), Rapid Growth (C1), Enhanced 
Environment (D1); Management Scenarios: Interim Guidelines Continued, Revert to 2007 Interim Guidelines Final EIS No Action 
Alternative. 
 
scenario, but only modestly reduces vulnerabilities from traces derived from the Downscaled 
GCM Projected scenario. In the long term, the only remaining vulnerabilities are due to traces 
from the Downscaled GCM Projected scenario. The vulnerabilities are slightly higher from 
traces simulated with the Rapid Growth scenario as well as the management scenario in which 
the 2007 Interim Guidelines (DOI, 2007) are extended past 2026. 

This modeling showcases the upper bound of the portfolio’s potential to improve vulnerabilities 
under two assumptions. First, it addresses benefits to the system and demands within Lower 
Division States’ basic apportionment and second, benefits to the system along with remaining 
demand above Lower Division States’ basic apportionments. Both assumptions address 
vulnerabilities similarly and showed vulnerability could be significantly reduced when applying 
all options as soon as they are available. To address remaining demands above Lower Division 
States’ basic apportionments, an additional $2.7 billion of options needed to be added. 
Implementing Static Portfolio A implies that all options would need to begin the permitting 
process immediately. Further, options would be implemented regardless of the system status at 
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the time they are available, creating the potential for over-investment in many cases. The next 
section describes how the Basin can improve system benefits using portfolios that are dynamic 
and implement options only under conditions in which they are simulated to be needed. All 
portfolios benefit system demands within the existing basic apportionments as well as attempt to 
satisfy demands above Lower Division States’ basic apportionments under specific conditions.    

6.2 Improving System Benefits Through Dynamic Portfolios 

6.2.1 Dynamic Portfolios  
The Study recognizes that Basin needs will depend upon future conditions that are highly 
uncertain. Successful strategies for addressing system imbalances must be adaptive and 
implement new options under future conditions in which they are most likely needed and are 
most effective for preventing vulnerabilities. Called dynamic portfolios, this approach aims to 
explore the timing and magnitude of options required to mitigate vulnerabilities on a trace- by-
trace basis. The goal of this approach is to better understand the range of investment needs across 
scenarios and also improve the benefit to system resources given those investments. This affords 
a quantitative perspective of the magnitude of the overinvestment associated with Static Portfolio 
A (in which no dynamic implementation was considered). The basic principle is to construct 
model logic such that option implementation is delayed when conditions are favorable while 
investments are accelerated as vulnerabilities emerge. In order to do this, additional tools, model 
functionalities, and assumptions were required.  

From the option characterization, many options require significant time to plan and construct, 
which is reflected by their “earliest date available.” From a dynamic perspective, one cannot wait 
for vulnerability to occur before beginning the planning and implementation activities. The result 
would be a sizeable response lag and likely little improvement with regard to resource 
vulnerability. Therefore, in order to realize more timely benefits, it is assumed that the planning 
and construction process for all options begins in 2013. The length of time to conduct feasibility, 
permitting, and construction was estimated for each option as part of the characterization process 
(see Technical Report F – Development of Options and Strategies). This duration is added to 
2013 to estimate the earliest possible operational year. As a result, all options are available by 
their respective earliest possible dates. With this assumption, during a model simulation, 
vulnerabilities can now be more effectively addressed by implementing appropriate options from 
those available in a given year. Obviously it is unrealistic that the planning and construction 
process for all options would begin effective immediately with the goal to make them available 
by the earliest possible date. However, by tracking the options implemented and the timing 
thereof, a trace-by-trace “best case investment” could be hind-cast. For example, if only one 
option was required for a particular trace and it was implemented much later than the earliest 
possible date, that particular “best case investment” would perhaps be to begin planning for the 
option, but defer additional significant investment until conditions suggest that it is required. By 
analyzing the options selected and their timing and cost, across all scenarios, insight can be 
gained as to how often and when each option might be needed, which is likely to be useful 
information when faced with making actual Basin investments. 

Building upon the assumption and framework discussed above, the most effective way to 
mitigate vulnerabilities is preemptive option investment to avoid vulnerability instead of simply 
reacting to it.  As a result, the ability to anticipate vulnerability, at some lead time, helps to guide 
and inform the actual timing of when an option should be implemented to effectively hedge 
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against vulnerability. This capacity is referred to as signposting.  For the purpose of the Study, it 
was assumed that option implementation only occurs to address water supply vulnerabilities. As 
such, signposts were developed only for specific vulnerabilities that were used to trigger option 
implementation. Through an objective analysis of system conditions that tend to precede 
vulnerable events, signposts were developed. When a signpost is observed, options are 
implemented from those available at that particular time. In taking preemptive steps, the benefit 
of a single option is allowed to accrue, possibly reducing the need for a larger, more reactive 
investment. By design, signposts are based on system factors that can change in response to the 
already implemented options, helping to avoid over-investment. The specifics of each signpost, 
detailed in table G-11, balance lead time and predictive skill. In the case of the Upper Basin 
shortage vulnerability, little predictive skill was achieved given the high degree of inter-annual 
flow variability. Therefore, the signpost is simply one vulnerable event. The lead time is the 
longest period between the triggering of a signpost and occurrence of a vulnerability that still 
retained sufficient predictive skill. Appendix G3 provides an illustration of signposts and how 
they were developed.  

TABLE G-11 
Definitions of the Vulnerability Signposts Developed for Each Indicator Metric 

Indicator Metric/ 
Vulnerability 

Lead 
Time 

(years) 

Conditions 

Lake 
Powell 

Lake 
Mead 

Natural 
5-year 

Mean Flow 
at Lees 
Ferry 

Upper 
Basin 

Shortage 

Lower Division 
States’ Demand 

Above Basic 
Apportionments 

Lee Ferry Deficit  5 3490’ NA 12.39 maf NA NA 

Lower Basin Shortage  
(>1 maf over 2 years)  

3 NA 1060’ 13.51 maf NA NA 

Lower Basin Shortage  
(>1.5 maf over 5 years) 

3 NA 1075’ 13.51 maf NA NA 

Mead Pool Elevation  
(< 1,000 feet msl) 

3 NA 1040’ 13.35 maf NA NA 

Upper Basin Shortage  
(>25%)  

0 NA NA NA 25% NA 

Demand Above Lower 
Division States’ Basic  
Apportionments 

Varies NA NA NA NA Demand above basic 
apportionments is 
within 100 kaf of 
permissible level 

 
 

Driven by the needs of dynamic option implementation, a secondary assessment of each 
representative option was performed. Specifically, the capacity of an option to address the 
various water supply vulnerabilities was quantified. This was accomplished by modeling the 
representative options and monitoring changes in the aforementioned vulnerabilities. The 
purpose of this is to inform dynamic option selection given the vulnerability at hand. Table G-12 
shows the results of this analysis. It should be noted that some judgment was exercised in this 
process, particularly when vulnerability improvements were found to be marginal or protracted. 
Note that because Upper Basin shortages are largely agricultural shortages on smaller tributaries, 
municipal conservation is not likely to reduce shortages. 
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TABLE G-12 
Options that Address Different Vulnerabilities 

Representative Option 
Year 

Available 

Vulnerability Addressed by Representative 
Option 

 U
B

 S
ho

rt
ag

e 

 L
ee

 F
er

ry
 D

ef
ic

it 

 M
ea

d 
Po

ol
 E

le
va

tio
n 

 L
ow

er
 B

as
in

 S
ho

rt
ag

e 
1 

 L
ow

er
 B

as
in

 S
ho

rt
ag

e 
2 

 L
ow

er
 D

iv
is

io
n 

St
at

es
’ 

 D
em

an
d 

A
bo

ve
 B

as
ic

  
 A

pp
or

tio
nm

en
ts

 

Agriculture (Ag) Conservation 2016 X X X X X X 

M&I Conservation 2016 X X X X X X 

Local-Rainwater Harvesting 2016 X X X X X X 

Reuse-Grey Water 2021 X X X X X X 

Reuse-Industrial 2021 X X X X X X 

Reuse-Municipal (Steps 1 and 2) 2021 X X X X X X 

Reuse-Municipal (Steps 3-5) 2036 

  

X X X X 

Desalination (Desal)-Gulf of California (Gulf) 2028 

  

X X X X 

Desal-Pacific Ocean-CA 2031 

  

X X X X 

Desal-Pacific Ocean-Mexico 2026 

  

X X X X 

Desal-Salton Sea Drainwater 2026 

  

X X X X 

Desal-Southern California (SoCal) 
Groundwater 2021 

  

X X X X 

Desal-Yuma Area Groundwater 2021 

  

X X X X 

Import-Front Range-Missouri 2041 X X X X X 

 Energy Water Use Efficiency-Air Cooling 2021 X X 

    Watershed-Dust  2026 X X 

    Watershed-Tamarisk  2023 

 

X X X X 

 Watershed-Weather Modification (Weather 
Mod) 2016 X X 

    Local-Coal Bed Methane 2021 X X 
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Option and signpost information is passed to the model at the onset of each simulation. 
Additional model logic was implemented to monitor for the vulnerability signposts. Upon 
detection of a signpost, options that are 1) available (timing) and 2) address the anticipated 
vulnerability (quantity) are implemented in accordance with the following logic: 

(1) In a single year, no more than four options total may be implemented Basin-wide. This 
aims to reduce over-investment while ensuring that enough options could be 
implemented to address all vulnerabilities in a single year, should that be required. 

(2) In a single year, additional options are implemented to address the same vulnerability 
until their total yield equals or exceeds 100 kafy, subject to the limitation described in 
(1).   

(3) If multiple signposts are triggered in the same year, an option is implemented for the first 
vulnerability. If the selected option(s) do not address the other vulnerabilities, additional 
options are implemented until all vulnerabilities are addressed, subject to the limitation in 
(1). This helps to prevent over-investment. 

(4) Once an option is implemented, it remains in effect for the remainder of the simulation.  

At the conclusion of each model run/simulation, a summary of the selected options and their 
implementation timing is included in the results output.    

For each portfolio, specific data on option implementation such as timing and yield are output on 
a trace by trace basis, in addition to the standard suite of performance metrics. These data afford 
the ability to perform numerous analyses such as portfolio impact on system response variables, 
metrics, and indicator metrics.  As an alternate and complementary measure, the improved 
resiliency can be quantified for a portfolio; for example, given some action taken, how bad of a 
drought can now be tolerated without incurring a vulnerable event, as compared to the system 
without options and strategies. When coupled with cost information, the trade-off between 
capital investment and performance can be considered. Option implementation frequency can 
also be assessed, both within and across portfolios.  

6.2.2 Strategies and Study Portfolios 
The Study developed four exploratory portfolios to reflect different strategies for selecting and 
combining options to address Colorado River imbalances between water supply and water 
demand, as described in Technical Report F – Development of Options and Strategies. Each 
portfolio consists of a unique selection of options that are considered to address vulnerabilities 
(e.g., declining Lake Mead pool elevation) that may exist under future combinations of supply 
and demand. The portfolios were implemented dynamically in CRSS, meaning options were 
implemented based on the portfolio strategy depending on the timing and nature of the 
vulnerabilities. Portfolios were then analyzed to assess the effects of the strategy on resolving 
vulnerabilities to Basin resources. As a result, for a given portfolio, the sequencing and timing of 
options will be unique to each supply/demand scenario.  
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Table G-13 describes each of the four strategies and portfolios developed for the Study. Table G-
14 summarizes the number and yield of options by 2060 by type for Portfolios A and C. 
Technical Report F – Development of Options and Strategies provides additional detail on 
included options for each portfolio. 

TABLE G-13 
Strategies and Portfolio Descriptions Explored in the Study 

Strategy and 
Portfolio Name Portfolio Description 

Portfolio A Includes options with high technical feasibility, excludes options with highest 
permitting, legal, policy, and long-term viability risks. Is the least restrictive in terms of 
options, and contains all options that are in both Portfolio B and Portfolio C. 

Portfolio B Includes options with high technical feasibility and high long-term reliability; excludes 
options with high permitting, legal, or policy risks 

Portfolio C Includes only options with relatively low energy intensity; includes options that result in 
increased instream flows; excludes options that have low feasibility or high permitting 
risk 

Portfolio D Is the most selective in terms of options and contains only those options that are 
included in both Portfolio B and Portfolio C 

 

TABLE G-14 
Summary of Included Options for Portfolios B and C 

Option 
Category Option Type 

Portfolio B Portfolio C 

Number of 
Options 

Sum of 
Yield (kafy) 

Number of 
Options 

Sum of 
Yield (kafy) 

Increase 
Supply 

Desalination 10 1,476 5 620 

Import 1 600 0 0 

Local Supply 1 100 1 75 

Reuse 6 972 7 1,150 

Watershed Management 2 300 5 730 

Total 20 3,448 18 2,575 

Reduce 
Demand 

Agricultural Conservation 5 1,000 5 1,000 

Energy Water Use Efficiency 1 160 1 160 

M&I Conservation 5 1,000 5 1,000 

Total 11 2,160 11 2,160 

Grand Total 31 5,608 29 4,735 
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Figure G-20 shows the potential yield of the four portfolios over time for three different limits on 
the portfolio average cost. Portfolios are limited by including only those options that keep the 
average cost of the portfolio below the specified limit. On the right, the portfolios are essentially 
unconstrained by cost (average costs less than $1,250 per af). Not surprisingly, Portfolio A has 
the highest potential yield (~6.3 maf) and Portfolio D has the lowest potential yield (~4.0 maf). 
Portfolios B and C yields are similar through 2042. At that point, Portfolio B yield increases 
significantly more than Portfolio C. For lower average costs, the differences between the four 
portfolios are less significant (figure G-20, left), particularly between Portfolios B and C.  

FIGURE G-20 
Total Yields over Time for Average Costs for Portfolios 
Less than $750 per af (left), less than $1,000 per af (middle) and less than $1,250/af (right)  

 

 

6.3 Study Portfolio Evaluation 

6.3.1 Improvements in System Performance  
The effects of the dynamic portfolios were simulated in CRSS for the entire suite of supply, 
demand, and management scenarios. This section describes how the portfolios affect the 
performance of the system across these scenarios. Each figure is composed of five vertical 
panels. The first panel displays the Baseline runs, which do not include new actions considered 
in the portfolios. The remaining four panels present results from one of four simulated portfolios 
discussed above.  
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The figures present either magnitude and percent of traces with occurrence, or 10th, 50th and 
90th percentile results for each of the key system response variables. The percentiles represent a 
level of non-exceedance for a given percentage of traces—i.e., the 10th percentile indicates the 
level at which 10 percent of the traces have not exceeded the value shown. In each of the figures, 
all traces for all combined scenarios are incorporated such that the results represent an ensemble 
of plausible future conditions.  

Summaries of system performance across traces presented in this section do not describe 
probabilistic outcomes. They describe plausible ranges and distributions for the baseline or a 
portfolio, corresponding to a wide range of plausible hydrologic, demand, and management 
traces. The underlying traces are the same across all portfolios and as such enable a consistent 
comparison of outcome differences across the portfolios.  

Figure G-21 presents Upper Basin annual shortage as calculated by CRSS, which consistently 
and significantly underestimates shortages in the Upper Basin. Under the Baseline conditions, 
median shortage reaches 390 kaf by 2060. Portfolio B reduces 2060 median shortage to 230 kaf, 
a 40 percent reduction, followed closely by the Portfolio A (240 kaf), Portfolio D (250 kaf), and 
Portfolio C (250 kaf) portfolios (a 35 percent reduction). 

FIGURE G-21 
10th, 50th, 90th Percentiles for Magnitude of Upper Basin Annual Shortage for the Baseline and Four Dynamic Portfolios 

 
In all years under each of the portfolios, a shortage is projected in more than 99 percent of all traces. 

The 90th percentile results suggest approximately 1.42 maf of Upper Basin shortage in 2060 
under the Baseline. These shortages are projected to be reduced by approximately 36 percent in 
Portfolio C and by approximately 49 percent with Portfolio B. The other two portfolios fall 
between these bounds. 

Again, this graphic likely overestimates the reduction in Upper Basin shortages under each 
portfolio, as a result of CRSS-simplified representation of smaller tributaries in the Upper Basin.  
Because the smaller tributary demand is placed on the mainstem of the larger tributaries (Yampa, 
Colorado, Gunnison, and San Juan), the model tends to overestimate the ability of many options 
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to reduce the associated shortages.  For example, municipal conservation on the Front Range or 
in large cities along the mainstem Colorado will not increase flow on smaller tributaries where 
many of the shortages exist. 

Figure G-22 presents Lake Powell end-of-December pool elevation. Under the Baseline, median 
pool elevation decreased 29 feet by 2060, from 3,643 feet msl in 2012 to 3,614 feet msl by 2060. 
Implementation of any portfolio reversed this drop. The increase in pool elevation from 2060 
Baseline conditions was bound by Portfolio A (51-foot increase) and Portfolio D (39-foot 
increase).  With Portfolio B, pool elevation increased by 49 feet msl and with Portfolio C pool 
elevation increased by 46 feet msl. 

FIGURE G-22 
10th, 50th, 90th Percentiles for Lake Powell End-of-December Pool Elevation for the Baseline and Four Dynamic Portfolios 

 
 
The 10th percentile indicated a 218-foot drop in elevation by 2060 under the Baseline. This drop 
is reduced to 145 feet under Portfolio D, 123 feet under Portfolio C, 96 feet under Portfolio B, 
and 82 feet under Portfolio A. It is noteworthy that even with such an improvement, levels are 
quite low, indicating that some scenarios still pose a challenge to the system, even with options 
in place.   

Figure G-23 presents the magnitude (top panel) and percent of traces (bottom panel) with a Lee 
Ferry Deficit defined as less than 75 maf of flow over 10 years. As was the case with Lake 
Powell pool elevation, all portfolios show improvements compared to the Baseline. In some 
cases, the number of traces in which a deficit occurs appears to have stabilized at less than 2 
percent. Under the Baseline, the median deficit oscillates between approximately 1 and 3 maf 
between 2012 and 2040 then stabilizes at approximately 2 maf through 2060. A spike in deficit 
magnitude after 2050 is a result of reduced natural flows present in the Downscaled GCM 
Projected supply scenario. This spike is present under all portfolio results. Although the risk of a 
Lee Ferry Deficit was notably lowered, the median magnitude was impacted less (average 
magnitude reduction of 5.4 kafy across portfolios). In fact, at the 90th percentile, there appear to 
be some slight increases in shortage magnitudes. This is likely an artifact of reducing the number  
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FIGURE G-23 
10th, 50th, 90th Percentiles for Lee Ferry Deficit in Years in Which a Deficit Occurs (top) and Percent of Traces (bottom) with a 
Lee Ferry Deficit for the Baseline and Four Dynamic Portfolios 

 
 

of shortage events, particularly those of smaller magnitudes, thereby shifting some of the more-
extreme conditions to the 90th percentile. Importantly, the portfolios that stabilize the probability 
of a Lee Ferry Deficit contain an option for an Upper Basin water bank, with certain assumptions 
about how a water bank would operate, that is used to help meet Compact delivery obligations 
when needed. The water bank concept is one of the best ways at reducing vulnerability of the 
Upper Basin to a Lee Ferry deficit.  Because water banking concepts involve large institutional, 
legal, and policy issues, work must continue with deliberate speed to explore Upper Basin water 
banking options. 

Figure G-24 presents Lake Mead end-of-December pool elevation. Under the Baseline, median 
pool elevation decreased 69 feet, from 1,135 feet msl in 2012 to 1,066 feet msl by 2060. Pool 
elevations improved under all portfolios, relative to the Baseline, albeit not as immediate and to a 
lesser magnitude compared with the results at Lake Powell. The delayed recovery of the median 
pool elevation is a combination of option availability for implementation and the additional 
demands above Lower Division States’ basic apportionments that were not addressed in the 
Baseline run. These demands all originate in the Lower Division States, and therefore add 
demand on Lake Mead by calling for greater releases. In 2060, relative to the Baseline, median 
pool elevations rose from 60 to 90 feet msl depending on the specific portfolio. Not surprisingly, 
Portfolio A, which has the largest maximum potential yield, saw the largest increase (90 feet), 
and Portfolio D, with smallest maximum potential yield, showed the smallest gains (60 feet). 
Further, the 10th percentile indicates a 177-foot decline by 2060 under the Baseline. This decline 
is reduced to 75 feet under Portfolio D, 71 feet under Portfolio C, 48 feet under Portfolio B, and 
43 feet under Portfolio A. The 90th percentile indicates an approximate 20-foot increase from 
Baseline conditions by 2060 across all portfolios. 
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FIGURE G-24 
10th, 50th, 90th Percentiles for Lake Mead End-of-December Pool Elevation for the Baseline and Four Dynamic Portfolios 

 
 
Figure G-25 presents the magnitude (top panel) and percent of traces (bottom panel) with the 
Lower Basin 2012 through 2060 annual regulatory shortage. Under the Baseline, the Lower 
Basin median regulatory shortage begins at 400 kaf, indicating 50 percent of traces are under 
level 1 shortage; raises to 500 kaf by 2019 (level 2 shortage); reaches 600 kaf by 2027 (level 3 
shortage); and maintains this through 2060. The 90th percentile shortage increases to 600 kaf by 
2018, then jumps to approximately 1.72 maf by 2027, and rises to 1.78 maf by 2060. 

With the implementation of portfolios, the availability of options to address Lower Basin 
regulatory shortage is insufficient until 2032, at which time all portfolios show a drop in median 
shortage to as low as 241 kaf under Portfolio C by 2060. There is also a substantial decrease in 
shortage at the 90th and 10th percentile levels. At the 90th percentile, Portfolio A shows a 
reduction by 2060 to 584 kaf and the 10th percentile shows a reduction to 88 kaf.  

Figure G-26 presents the Lower Basin 2012–2060 annual remaining demands above Lower 
Division States’ basic apportionments as distribution of magnitudes and percent of traces 
when that occurs. Under the Baseline, median remaining demands above Lower Division 
States’ basic apportionments (top panel) increases from 536 kaf in 2012 to 1,687 kaf by  
2060. The 90th percentile increases from 536 kaf in 2012 to 2,507 kaf by 2060, while the 
10th percentile begins at 529 kaf in 2012, dips to a low of 0 kaf in 2022, and then grows to a 
high of 1,168 kaf by 2060. The percent of traces with remaining demands above Lower Division 
States’ basic apportionments in 2012 (bottom panel) begins at 100 percent, dips to 90 percent 
around 2020, then climbs back to 100 percent by 2044 and remains at that percentage through 
2060. This behavior is related to the similar pattern observed at the 10th percentile magnitude. 
Recall that under the Baseline, the only time Lower Division States’ demands above basic 
apportionments are met is during surplus. The near-term probability of surplus is negligible, so 
Lower Division States’ demands above basic apportionments often goes unmet. As the percent of 
traces with surplus increases in the near future, the percent of traces in which above basic  
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FIGURE G-25 
10th, 50th, 90th Percentiles for Lower Basin Annual Shortages (Regulatory plus Hydrologic) Magnitude (top), and Percent of 
Traces with Lower Basin Shortage (bottom) for the Baseline and Four Dynamic Portfolios 

 

FIGURE G-26 
10th, 50th, 90th Percentiles for Remaining Demands Above Lower Division States’ Basic Apportionments Magnitude (top) and 
Percent of Traces When This Occurs (bottom) for the Baseline and Four Dynamic Portfolios 
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apportionments are not met drops modestly, as does the remaining demands above basic 
apportionments magnitude at the 10th percentile. Ultimately, however, the percent of traces 
returns to 100 percent and the 10th percentile magnitudes begin to increase. This is due to the 
demands above Lower Division States’ basic apportionments increasing with time to a level that 
cannot be satisfied with surplus conditions alone.  

Implementation of any portfolio shows a reduction in magnitude after 2016 and percent of traces 
after 2030. By 2060, the median remaining demands above Lower Division States’ basic 
apportionments is reduced to 0 kaf under Portfolio A, 16 kaf under Portfolio B, 77 kaf under 
Portfolio D, and 97 kaf under Portfolio C. The percent of traces is reduced to 48 percent under 
Portfolio A, 51 percent under Portfolio B, 63 percent under Portfolio D, and 66 percent under 
Portfolio C. 

Figure G-27 presents the Lower Basin 2012 through 2060 annual total shortage determined as 
regulatory and hydrologic shortages plus remaining demands above Lower Division States’ basic 
apportionments. The figure shows the magnitude (top panel) and percent of traces when that 
occurs (bottom panel). Under the Baseline, median shortage in 2012 is 536 kaf and climbs to 
2.274 maf by 2060. The 90th percentile increases to 3.720 maf, while the 10th percentile climbs 
at a slower rate to 1.167 maf. The percent of traces with shortage begins at 100 percent in 2012, 
dipping to 90 percent from 2020 through 2024, then climbing back to 100 percent by 2044 and 
through 2060. This is the same behavior discussed in the previous section. When reservoirs are 
full (i.e., surplus conditions exist), there are no regulatory shortages and occasionally the surplus 
is sufficient to satisfy all demands above basic apportionments. 

FIGURE G-27 
10th, 50th, 90th Percentiles for the Sum of Lower Basin Regulatory and Hydrologic Shortages plus Remaining Demands Above 
Lower Division States’ Basic Apportionments for the Baseline and Four Dynamic Portfolios 
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Implementation of portfolios consistently reduces median shortage from 2030 to a magnitude of 
150 kaf under Portfolio A, 154 kaf under Portfolio B, 162 under Portfolio D, and 181 kaf under 
Portfolio C by 2060 in all portfolios.  The 90th percentile is reduced to about 1 maf by 2060. The 
percent of traces with shortage in 2060 is reduced to 60 percent under Portfolio A, 65 percent 
under Portfolio B, 75 percent under Portfolio D, and 76 percent under Portfolio C. 

Improvements in system performance are demonstrated across all portfolios when compared 
with the Baseline analyses. Comparison of the four portfolios with 2060 Baseline conditions 
showed: 

• Due to CRSS simplification, the reduction in Upper Basin median shortage magnitude is 
likely overstated. Still, while the magnitude of shortage was reduced, nearly all traces still 
contained some shortages. 

• Lake Powell end-of-December median pool elevation increased between 39 and 51 feet msl 
under implementation of the dynamic portfolios. 

• Lee Ferry median deficit magnitude was reduced by 265 kaf, and the percent of traces with 
deficit was reduced to between 1 and 4 percent versus 8 percent for the Baseline. 

• Lake Mead end-of-December storage shows declines through 2030 in all portfolios, but 
increases between 60 and 90 feet by 2060 as options are implemented to reduce demand or 
increase Basin supply. 

• Lower Basin regulatory shortage was similar to the Baseline through 2030 then dropped to 
a low of 241 kaf by 2060, a 60 percent reduction from 2060 Baseline conditions. Similarly, 
the percent of traces with shortage dropped from a high of 48 percent in 2033 to a low of 
32 percent by 2060, compared with 67 percent under the Baseline. Remaining demand above 
Lower Division States’ basic apportionments showed a steady median decline from a high of 
820 kaf in 2015 to between 0 and 100 kaf by 2060. By 2060, the percent of traces with 
remaining demands above Lower Divisions’ States basic apportionments is reduced to 
between 48 and 66 percent from 100 percent under the Baseline. 

6.3.2 Changes in Water Delivery Vulnerabilities  
Simulation results from the evaluation of portfolios were also used to estimate to what degree 
these new investments could reduce vulnerability in the Basin across all water delivery indicator 
metrics. The results of this analysis are shown in the figures following. Shown below are two 
figures for each resource category: one figure for the percentage of traces and one for the 
percentage of years in which vulnerability occurs. Each figure shows a barplot with the 
percentage of traces or years vulnerable, separated by indicator metric and time period. In 
addition, the results from each dynamic portfolio simulation are shown across the x-axis, with 
the baseline (no action) simulations shown in the left-most pane and the portfolio simulations 
shown in sequence to the right. 

Figures G-28 and G-29 shown the change in vulnerability for the water delivery indicator metrics 
with portfolios in place compared with the Baseline. The next section provides these same 
summary results for the other indicator metrics.  
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FIGURE G-28 
Percent of Vulnerable Traces for Each Water Delivery Indicator Metric Across Three Time Periods for the Baseline And Four 
Simulated Portfolios  
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FIGURE G-29 
Percent of Vulnerable Years for Each Water Delivery Indicator Metric Across Three Time Periods for the Baseline And Four 
Simulated Portfolios  

 
 
For all metrics shown, vulnerabilities in the first period tend to change little from the Baseline 
results. This is a combination of often low vulnerability risk in the early period and few options 
available to address vulnerabilities when they occur. The middle time period is the first period in 
which results significantly diverge from the Baseline for most indicator metrics. However, this 
period, in some cases, is also the most vulnerable window, because options may have only been 
available for a short time and little benefit has yet accrued. As discussed earlier, demands above 
apportionment were not addressed in the Baseline modeling and therefore show a marked 
improvement under the portfolios. Also, one might expect Portfolio A to show the greatest 
reduction in vulnerabilities simply by having the greatest yield available to address imbalances. 
However, this is not always the case. Because this portfolio includes the Upper Basin banking 
option, water generated by conservation is not immediately available to address vulnerabilities, 
but is instead “banked” to help hedge against future water use curtailments as specified in the 
Upper Colorado River Basin Compact. 

For this same reason, Portfolio A was particularly effective at reducing frequency of Lee Ferry 
Deficits. It is noteworthy that in general, the relative reduction in percent of years in which 
vulnerable conditions existed was greater than the reduction in percent of traces vulnerable. For 
example, with regard to the Lower Basin Shortage indicator metric (1.5 maf per 5 years), percent 
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of years vulnerable in the 2041 through 2060 time period are reduced from about 59 percent to 
less than 25 percent, whereas percent of traces vulnerable are lowered from 87 percent to about 
58 to 66 percent, depending on the portfolio.   

This indicates that it is difficult to completely eliminate the vulnerability in each trace due to 
significant hydrologic variability.  

The following paragraphs address specific changes in water delivery indicator metric 
vulnerability with portfolios in place (in order of water delivery metrics listed). 

Upper Basin Shortage 
Due to CRSS simplification, the reduction in Upper Basin median shortage magnitude is likely 
overstated.  Still, while the magnitude of shortage was reduced, nearly all traces still contained 
some shortages.  

Lee Ferry Deficit 
Portfolio investments appear to substantially reduce the occurrence of a Lee Ferry deficit in 
many simulated traces. In particular, Portfolios A and C, which include an Upper Basin banking 
option, reduce the percent of vulnerable traces in the 2041 through 2060 time period from 
16 percent to 4 to 5 percent. Similarly, these portfolios reduce the percent of vulnerable years 
from 6 percent in the final time period to 1 percent with options implemented. Portfolios B and D 
also reduce the proportion of traces or years with a Lee Ferry Deficit occurring (vulnerability 
remains in 9 to 11 percent of traces or 2 to 3 percent of years in the 2041 through 2060 time 
period).  

Lake Mead Elevation 
Lake Mead elevation is better maintained above the 1,000-foot vulnerability threshold with 
portfolios in place. All four dynamic portfolios reduce the proportion of years or traces in which 
vulnerability occurs, although Portfolios A and B yield the most substantial vulnerability 
reduction for this indicator metric. This is due to the inclusion of additional desalination options 
for the Lower Basin in these portfolios. One note here is that the portfolios do not perform as 
well in the middle time period (2027 through 2040), generally yielding a larger percent of 
vulnerable traces and years in the middle period when compared with the final period despite 
growing vulnerability over time. This result is because the options needed to augment Lake 
Mead storage levels—particularly additional system water gained by offsetting Lower Basin 
demand with new coastal desalination—only become available after 2040, resulting in very low 
Lake Mead levels during the interim decades in 15 to 17 percent of traces (7 percent of years).  

Lower Basin Shortage 
The portfolios generally reduce the percent of time in which Lower Basin shortages occur. 
However, shortages exceeding the vulnerability thresholds specified by Lower Basin users still 
occur in many traces or years with the portfolios in place. For example, with Portfolio A in place, 
the proportion of traces/years with a shortage exceeding 1 maf over 2 years declines from 80 
percent of traces/51 percent of years in the Baseline to 35 percent/10 percent in the 2041 through 
2060 time period. When considering a shortage of 1.5 maf over 5 years, alternately, the reduction 
is from 87 percent of traces/59 percent of years to 61 percent/23 percent with Portfolio A in place. 
In general, the 5-year shortage metric is more sensitive, and shows a larger proportion of 
vulnerable traces and years both in the Baseline and with dynamic portfolios implemented. As  
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with Lake Mead elevation, for these metrics, a greater reduction in vulnerability is observed in the 
third time period compared with the first and second periods due to the number of options 
available and called by the portfolio by this point in time.  

Lower Basin shortages are driven by Lake Mead storage levels, so these results reiterate that, 
despite the improvement in storage levels with the dynamic portfolios, a substantial fraction of 
traces or years remain in which Lake Mead levels trigger Lower Basin shortages that could 
exceed users’ capacity for short-term adaptation. As noted above, the most significant reduction 
in vulnerability occurs with remaining demand above basic apportionments in the Lower 
Division States. Due to increasing demand and the declining moving threshold over time, 
100 percent of traces and 93 percent of years are vulnerable for this indicator metric by the 2041 
through 2060 time period in the Baseline. With the portfolios implemented, however, the 
outcome is substantially improved in the middle and final time periods. In particular, in the final 
period the proportion of vulnerable traces is reduced dramatically (20 to 26 percent with 
portfolio), as is the proportion of vulnerable years (5 to 7 percent with portfolio). All portfolios 
help to reduce unmet demand above Lower Division States’ basic apportionments, although due 
to the desalination options, Portfolios A and B generally yield the greatest reduction in 
vulnerable traces or years for this metric across all time periods. 

A subset of the traces included in CRSS, particularly those drawn from the Downscaled 
GCM Projected hydrology, yield a large number of vulnerable years in a given trace. In these 
cases, portfolio investments may not fully eliminate vulnerable years (i.e., may not yield zero 
vulnerability in a trace), but may nevertheless reduce the number of years in which a 
vulnerability occurs. Figure G-30 illustrates this result for the Lee Ferry Deficit indicator metric 
by showing a histogram with bins for the number of vulnerable years (y-axis) summarized as a 
proportion of traces (x-axis). As above, this figure shows results from the Baseline (left column) 
as well as those from the four dynamic portfolios. For further sensitivity, this figure focuses on 
those traces included in the low long-term annual average flow below 14 maf and 8-year drought 
below 11 mafy vulnerable conditions defined for this metric in the previous section. 

FIGURE G-30 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios, Lee Ferry Deficit Indicator Metric, In Vulnerable 
Conditions (Long-Term Flow < 14 mafy and Drought < 11 mafy) 
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For traces in this set of vulnerable conditions, 13 percent of traces have no years with a Lee 
Ferry Deficit in the Baseline from 2012 through 2060. However, 25 percent of traces show a 
deficit in 1 to 5 years, 28 percent show a deficit in 6 to 10 years, and 33 percent (18 + 7 + 
8 percent) have a deficit in 11 or more years. This distribution shifts substantially, however, with 
the portfolios in place. Implementing Portfolio A, for instance, shifts many traces to zero 
vulnerability (69 percent within the vulnerable condition). Other traces still include at least one 
vulnerable year, but the upper tail—the proportion of traces with a large number of vulnerable 
years—is dramatically reduced. Using Portfolio A again, the proportion of traces with a deficit in 
11 or more years is reduced from 33 percent to 6 percent. 

Similar results can be observed using the Lake Mead elevation indicator metric (figure G-31). 
Once again, the figure shows the subset of traces within the vulnerable conditions previously 
defined for this metric (Long-term average flow below 15 mafy and 8-year drought below 
13 mafy). Note that, in this set of vulnerable conditions, a large proportion of traces in the 
Baseline show Lake Mead elevation below 1,000 feet msl in 11 or more years, with nearly one-
quarter of traces (22 percent) showing Lake Mead at critically low levels in 21 or more years. 
With Portfolio B implemented, however, the entire distribution is shifted—from 28 percent to 
63 percent of traces with zero vulnerable years at one end, and 22 percent to 4 percent with 21 or 
more years vulnerable. Although a large fraction of traces with at least one vulnerable year 
remain within this set of vulnerable conditions (44 percent with the best-performing portfolio), 
the general pattern is a reduction in the number of vulnerable years and improved performance 
even in highly adverse traces. Similar results for other water delivery indicator metrics are 
provided in appendix G3. 

FIGURE G-31 
Number of Vulnerable Years Across Traces 2012–2060 for a Subset of All Scenarios, Lake Mead Elevation Indicator Metric, In 
Vulnerable Conditions (Long-Term Flow < 15 mafy & Drought < 13 mafy) 

 
 

However, another key question is how the portfolios perform in terms of reducing vulnerability 
within the set of vulnerable conditions defined for each metric. Ideally, a portfolio would shift 
the definitions or thresholds for vulnerable conditions altogether, yielding a range of conditions 
that were previously vulnerable under the Baseline but no longer produce vulnerable outcomes 
with the portfolio implemented. This type of change does in fact occur in the simulated portfolio 
results for the water delivery metrics. For example, the top pane of figure G-32 below shows the 
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same scatter plot of vulnerable conditions for the Lee Ferry Deficit indicator metric also shown 
in figure G-15. The axes show the two dimensions that define the vulnerable conditions: long-
term average annual natural flow at Lees Ferry (y-axis) and average annual natural flow at Lees 
Ferry during the lowest 8-year period (x-axis). Each point in the plot shows one trace outcome 
across the 2012-2060 time span, with vulnerable traces colored red and non-vulnerable traces 
colored gray. Points within the low long-term average flow and 8-year drought below 11.2 mafy 
vulnerable conditions are marked with X’s, and points outside are marked with O’s. 

FIGURE G-32 
Reduction in Vulnerable Traces with Selected Portfolios in Place, Lee Ferry Deficit Indicator Metric 

 
 
The middle and bottom panes show the same plot with the same vulnerable conditions defined, 
but with results from Portfolio A or Portfolio B implemented, respectively, instead of the 
Baseline. This figure shows that, with the portfolios in place, a large fraction of traces and 
corresponding region of the vulnerable conditions has changed from red (vulnerable) to gray (not 
vulnerable). For instance, significantly few traces with a mean flow of 10 mafy or greater during 
the driest 8-year period are vulnerable with either of these portfolios implemented, whereas in 
the Baseline traces with average flows during an 8-year drought of 10 to 11.2 mafy were nearly 
always vulnerable when coupled with a low long-term overall flow. This suggests that the 
conditions that cause this vulnerability have shifted with the portfolios in place, and the new 
investments have provided a hedge against vulnerability in plausible simulated futures. 
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To test the potential shift in vulnerability with a portfolio in place, the vulnerable conditions 
were re-evaluated for all water delivery indicator metrics with Portfolio A in place. The results of 
this reanalysis are provided in table G-15. In this table, results are provided from the Baseline 
and also show the change in vulnerability with the portfolio in place. The second column shows 
the change in the overall proportion of vulnerable traces, while the rightmost columns describe 
how the vulnerable conditions shift when Portfolio A is implemented. In each cell, the blue bars 
again show the full range of the flow characterization or other quantitative input to the modeling 
across all scenarios; the red bars show the range of the restriction that helps to define the new 
vulnerable condition; and the yellow bars (with subscript values) show where the restriction 
identified for the Baseline simulations was previously defined. 

For example, the first row shows the vulnerable conditions for Upper Basin Shortage with the 
portfolio in place. In the Baseline, 86 percent of traces include at least one vulnerable year during 
the 2012 through 2060 timeframe, and the vulnerable conditions are defined by a 1-year 
minimum natural flow at Lees Ferry less than or equal to 8.3 maf. With Portfolio A 
implemented, however, the percentage of vulnerable traces is reduced to 73 percent, and the new 
threshold for minimum natural flow shifts to 7.0 maf. This indicates that the additional supply 
and/or reduced demand in the Upper Basin with the portfolio in place provides additional 
capacity to handle single years with very low natural flows of between 7.0 and 8.3 maf without 
yielding a shortage of more than 25 percent of requested depletions for Upper Basin users. This 
result suggests that Portfolio A could introduce new resiliency to the system and allow the Upper 
Basin to better hedge against low-flow years.  

With respect to the other water delivery indicator metrics, the following changes in vulnerable 
conditions with the portfolio implemented are noted: 

• The conditions producing a Lee Ferry Deficit shift farther into the tail: with the portfolio 
implemented, these vulnerabilities most often occur in traces with a long-term flow mean of 
13.2 mafy and an 8-year drought mean of 10 mafy, compared with 13.8 mafy and 11.2 mafy 
in the Baseline, respectively.  

• Lake Mead elevation vulnerability shows a similar shift towards the extreme cases, with the 
long-term flow threshold reduced by about 500 kaf and the drought mean reduced by 700 kaf 
to 1 maf compared with the Baseline, depending on the post-2026 operation assumption for 
Lakes Powell and Mead.   

Two different patterns occur in the Lower Basin shortage indicator metrics. First, the “ORs” 
change to “ANDs,” meaning that within each portfolio the domain of the vulnerable condition is 
reduced and all conditions across the row must now be met within the vulnerable conditions. By 
contrast, in the Baseline, meeting either flow condition was sufficient to predict a vulnerable 
trace. In addition, for both metrics both the long-term mean and 8-year drought mean thresholds 
shift downwards, but only if management reverts to the 2007 Interim Guidelines Final EIS No 
Action Alternative (i.e., the 2007 Interim Guidelines (DOI, 2007) expire) after 2026. However, 
the new vulnerable conditions for these metrics with Portfolio A in place still include a large 
proportion of traces from CRSS simulations, and the long-term mean thresholds remain above 
the observed historical average of Lees Ferry natural flow.  
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TABLE G-15 
Vulnerable Conditions Defined for Each Water Delivery Indicator Metric for Portfolio A 
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In general, portfolio implementation narrows the range of conditions that typically produced 
vulnerability when projecting plausible future water delivery reliability using CRSS simulations. 
Although vulnerability is not eliminated, the additional resiliency introduced by Portfolio A 
reduces the risk of future vulnerabilities under current operational assumptions in many plausible 
futures. Figure G-33 includes the baseline vulnerable condition results of figure G-16 and the 
new vulnerable conditions associated with the Portfolio A results. 

It shows the distribution of traces and total number of traces in vulnerable conditions broken out 
by supply scenario. As to be expected, the number of traces in vulnerable conditions was reduced 
for all indicator metrics. Most notable were reductions in the number of traces in the Lake Mead 
and Lower Division States’ demand above basic apportionments vulnerable conditions. 
Interestingly, for Upper Basin shortage, overall reductions were moderate, and all supply 
scenarios contribute a roughly equally number of traces. This is likely because most traces have 
at least one low-flow year, which is the condition for Upper Basin vulnerability. Further, when 
comparing the distribution of traces within vulnerable conditions, between the Baseline and with 
Portfolio A, a higher percentage tends to be from the Downscaled GCM Projected supply 
scenario. This is particularly noteworthy for the Lake Mead vulnerable conditions.  

FIGURE G-33 
Percentage of Each Supply Scenario Within Each Set of Vulnerable Conditions with Portfolio A in Place, by Water Delivery 
Indicator Metric  
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6.3.3 Changes in Electrical Power Resource Vulnerabilities  
Figures G-34 (percent of traces) and G-35 (percent of years) shown the change in vulnerability 
for the electric power indicator metrics with portfolios in place compared with the Baseline. 
Electric power resources exhibited moderate performance improvements, as were seen in the 
water delivery indicator metrics. As more options are implemented, increased flow helps to raise 
pool elevations and in some cases, greater downstream demand requires larger releases. This 
combination is a two-fold benefit to hydropower.  

6.3.4 Changes in Flood Control Vulnerabilities  
Figures G-36 and G-37 show the change in vulnerability for the flood control indicator metrics 
with portfolios in place and compared with the Baseline. Under the Baseline modeling, flood 
control vulnerabilities were few and actually decreased over time due to the increase in available 
storage associated with growing demand. Under the various portfolios, the vulnerability 
incidence rate remained low, but did increase slightly. This is a direct result of option benefit 
increasing pool elevations, which in turn, reduces capacity to absorb extreme flow events. 
Logically, these increased risks are most notable in the third time window, when the most 
options have been implemented. These increases are considerably more notable in the percent of 
traces vulnerable view (figure G-36) compared to the percent of years vulnerable (figure G-37).   

FIGURE G-34 
Percent of Vulnerable Traces for Each Electric Power Indicator Metric Across Three Time Periods for the Baseline and Four 
Simulated Portfolios  
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FIGURE G-35 
Percent of Vulnerable Years for Each Electric Power Indicator Metric Across Three Time Periods for the Baseline and Four 
Simulated Portfolios  

 
 

FIGURE G-36 
Percent of Vulnerable Traces for Each Flood Control Indicator Metric Across Three Time Periods for the Baseline and Four 
Simulated Portfolios  

 
 

FIGURE G-37 
Percent of Vulnerable Years for Each Flood Control Indicator Metric Across Three Time Periods for the Baseline and Four 
Simulated Portfolios  
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6.3.5 Changes in Water Quality Resource Vulnerabilities 
Due to model constraints, the metric for the Water Quality Resource category, salinity below 
Parker Dam, is only available in the Observed Resampled and Paleo Resampled supply 
scenarios. With options enacted, across the available supply scenarios, salinity below Parker 
Dam does not violate the numeric criteria. 

6.3.6 Changes in Recreational Resource Vulnerabilities  
Figures G-38 through G-41 shown the change in vulnerability for the recreational indicator 
metrics with portfolios, compared to the Baseline.  Specifically, the metrics in figures G-38 and 
G-39 are river boating vulnerabilities, and those in figures G-40 and G-41 pertain to reservoir 
recreation. River boating indicator metrics are based on the shift in long-term average 
availability of PBO-based flows deemed acceptable (total days) and optimal (optimal days).  
Between the total and optimal flow metrics, the optimal were consistently more vulnerable. This 
is because the window for optimal flows is more stringent and thus more sensitive to changes in 
flow. All portfolios demonstrate improvements in the number of vulnerabilities for the boating 
indicator metrics. However, Portfolios A and C showed the most improvement. This is due to the 
Upper Basin banking option, found in both, which shepherds conserved water from across the 
major tributaries to the bank in southern Utah. By shepherding the conserved water, resources 
that depend on in-stream flows tend to benefit, including river boating recreation. 

For reservoir recreation, Flaming Gorge performs notably well, even under the Baseline 
simulations. This is due to a combination of increases in streamflow projections in the Upper 
Green and slower growth relative to other regions. On the other hand, Blue Mesa and Navajo 
show significant vulnerability and little improvement even with portfolios. Based on their 
respective vulnerability definitions, both locations experienced multiple vulnerable years in the 
historical record. Therefore, it is not surprising that with increasing demands, vulnerabilities 
would continue and be challenging to mitigate in these locations, compared to other sites. 
Reductions to vulnerabilities at other locations in the Upper Basin are largely due to conservation 
and weather modification options. These options serve to either increase reservoir inflow or 
reduce the required release. 
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FIGURE G-38 
Percent of Vulnerable Traces for Each Recreational (Boating Flow Days) Indicator Metric Across Three Time Periods for the 
Baseline and Four Simulated Portfolios  
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FIGURE G-39 
Percent of Vulnerable Years for Each Recreational (Boating Flow Days) Indicator Metric Across Three Time Periods for the 
Baseline and Four Simulated Portfolios  
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FIGURE G-40 
Percent of Vulnerable Traces for Each Recreational (Shoreline Facilities) Indicator Metric Across Three Time Periods for the 
Baseline and Four Simulated Portfolios  
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FIGURE G-41 
Percent of Vulnerable Years for Each Recreational (Shoreline Facilities) Indicator Metric Across Three Time Periods for the 
Baseline and Four Simulated Portfolios  

 
 

6.3.7 Changes in Ecological Resource Vulnerabilities  
Figures G-42 and G-43 show the change in vulnerability for the ecological resource indicator 
metrics within portfolios, compared with the Baseline. Based on the discussion of river boating 
vulnerabilities, it would be logical to expect that the portfolios with the Upper Basin Banking 
option and associated shepherding of flows would benefit ecological resources more so than 
other portfolios. In the case of the Yampa and San Juan rivers, this is exactly the case. However, 
for the Green and Upper Colorado rivers, the improvements are largely commensurate with other 
portfolios. This is due to the particular PBO-based flow recommendations at those sites. The 
Green River and Colorado River flow prescriptions are specific with regard to timing and 
volume. As such, increases in flow as a result of shepherding water to the bank may not help to 
resolve vulnerabilities if the transfer is not managed consistently with the flow 
recommendations. Coordinated shepherding and re-regulation may be required to achieve the 
maximum benefit to those more-detailed flow requirements. 
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FIGURE G-42 
Percent of Vulnerable Traces for Each Ecological Indicator Metric Across Three Time Periods for the Baseline and Four 
Simulated Portfolios  
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FIGURE G-43 
Percent of Vulnerable Years for Each Ecological Indicator Metric Across Three Time Periods for the Baseline and Four 
Simulated Portfolios 

 

6.3.8 Summary of System Reliability Results 
Table G-16 summarizes the system reliability results with the four portfolios in place. As shown 
in the table, portfolios are projected to improve the ability to meet Basin resources needs 
(reduction in vulnerabilities). The vulnerabilities related to critical Upper Basin and Lower Basin 
water delivery metrics—Lee Ferry Deficit and Lake Mead pool elevation below 1,000 feet msl—
were reduced by 50 percent or more. The results for metrics related to electrical power, water 
quality, recreation, and ecological resources demonstrate reductions of a similar percentage in 
vulnerabilities. Only the metric related to flood control below Hoover Dam shows a slight 
increase in vulnerability due to the potential for higher reservoir storage (and higher likelihood of 
high release) when portfolios were included.   

Although the portfolio analysis successfully demonstrated that system reliability can be 
improved, it is not without significant cost and performance tradeoffs. Figure G-44 illustrates the 
performance across portfolios by supply scenario in terms of addressing the Upper Basin water 
delivery reliability and Lower Basin water delivery reliability vulnerabilities. 
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TABLE G-16 
Summary of System Reliability Outcomes (Percent of Years Vulnerable) for Baseline and Portfolios for All Scenarios, 2041–2060  

Resource System Vulnerability Baseline Portfolio A Portfolio B Portfolio C Portfolio D 

Water Delivery Lee Ferry Deficit (Upper Basin Reliability) 7% 2% 2% 3% 3% 

Lake Mead pool elevation below 1,000 feet msl (Lower 
Basin Reliability) 

19% 3% 3% 5% 6% 

Electrical Power Upper Basin Generation (below 4,450 gigawatts per hour 
per year for 3 consecutive years) 

18% 9% 10% 10% 11% 

Lower Basin Generation (Lake Mead pool elevation below 
1,050 feet msl) 

42% 14% 14% 29% 20% 

Flood Control Critical River Stage below Hoover Dam (greater than 
28,000 cfs) 

1% 4% 4% 3% 34% 

Water Quality Salinity below Parker Dam (greater than numeric criteria)1 0% 0% 0% 0% 0% 

Recreation Colorado River Boating (days less than control run) 30% 14% 16% 17% 19% 

Powell Shoreline Facilities (pool elevation less than 
3,560 feet msl) 

24% 11% 11% 12% 13% 

Mead Shoreline Facilities (pool elevation less than 
1,080 feet msl) 

57% 31% 30% 37% 39% 

Ecological Colorado River Flow (less than reference value) 38% 40% 28% 28% 31% 

Lake Mead to Lake Mohave Flow (annual flow change 
greater than 845 kaf)  

12% 4% 4% 7% 8% 

1 Due to modeling limitations, results reported do not include results from the Downscaled GCM Projected scenario.  
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FIGURE G-44 
Percent of Years Vulnerable for Upper Basin Reliability (left) and Lower Basin Reliability (right) in 2041–2060 with Portfolios 
Implemented, by Supply Scenario 

 
 

Portfolio B favors options believed to have higher certainty of available water supply once 
implemented. As shown in figure G-44 (on the right), this portfolio performs as well or better 
than all the other portfolios for addressing the Lower Basin reliability vulnerability shown in 
table 4 across all supply scenarios. The portfolio is less effective than Portfolios A and C for the 
Upper Basin reliability vulnerability (figure G-44, left), particularly in the Downscaled GCM 
Projected supply scenario (bottom row).  

Portfolio C, while focused on options that favor lower energy needs and less environmental 
impacts, is more dependent on shifting social values towards additional conservation and reuse. 
Choosing to implement options characterized as having low energy needs (as a surrogate for 
potential environmental impacts) might come at the expense of having a less certain long-term 
water supply. However, this portfolio performs well for addressing the Upper Basin reliability 
vulnerability (figure G-44, left) and is particularly effective under the Downscaled GCM 
Projected supply scenario (figure G-44, bottom row). The effectiveness of this portfolio for 
addressing Upper Basin reliability vulnerabilities is largely attributable to the inclusion of an 
Upper Basin water bank that specifically targets this vulnerability. Portfolio C is less effective; 
however, at addressing the Lower Basin reliability vulnerabilities (figure G-44, right).  

6.3.9 Costs and Other Characteristics of Implemented Options  
The costs of addressing the Basin’s vulnerabilities differ across portfolios and traces, and depend 
on which options are implemented. Figures G-45 through G-48 summarize the total annual cost 
($) and average annual cost per unit of water ($ per af) across different subsets of traces over 
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time. Total annual cost is calculated as the sum of the annual costs associated with each of the 
options implemented up to that point in time. Annual costs reflect capital and operation and 
maintenance costs in 2012 dollars, using 4.125 percent interest over the beneficial life of the 
option. Average cost per unit of water is computed as the quotient of annual cost and average 
annual yield. One set of figures summarizes across the traces within the four scenarios (figures 
G-45 and G-47). The other set (figures G-46 and G-48) summarizes across traces inside and 
outside two vulnerable conditions—those vulnerable for Lake Mead pool elevation < 1,000 feet 
msl and the Lee Ferry Deficit. 

Total annual costs increase over time for all portfolios and supply scenario (figure G-45). The 
costs across the traces diverge significantly over time. In 2060, the 25th to 75th percentile costs 
range between about $2 billion to $5 billion for the Observed Resampled, Paleo Conditioned, 
and Paleo Resampled supply scenarios, and increases to potentially $7.0 billion under the GCM 
Projected scenario. Portfolio A is the most costly due to the inclusion of the greatest number of 
options and Portfolio D is the least costly due to the inclusion of the least number of options. 
These wide ranges of costs reflect the large differences in types of conditions evaluated for each 
supply scenario. For example, about 25 percent of the traces within the Downscaled GCM 
Projected scenario require only modest investment, and costs generally do not exceed $3 billion 
per year for all portfolios. Reciprocally, 25 percent of the traces require much more investment 
in options, pushing costs to as high as $5 billion for Portfolio C and more than $6 billion for the 
Portfolios A and B. Portfolio C is similar in cost range to Portfolio B except under the GCM 
Projected scenario, where it is less expensive largely due to exclusion of some options that are 
only triggered under more–challenging water supply conditions within Portfolio A and 
Portfolio B. The range of costs for Portfolio C is lower for the Downscaled GCM Projected 
scenario than the costs for Portfolio B, largely due to the exclusion of some option that are only 
triggered under more challenging water supply conditions within Portfolio A and Portfolio B, 
and the inclusion of focused-options such as the water bank, that more cost effectively address 
severe regional conditions.  

The total annual costs are also summarized across all traces and those within the vulnerable 
conditions (figure G-46). This shows more clearly how stressing conditions lead to higher costs 
across all portfolios. In general the Lake Mead Pool Elevation vulnerable conditions describe 
low streamflow conditions and the Lee Ferry Deficit vulnerable conditions describe even lower 
streamflow conditions (table G-8): 

• Lake Mead vulnerable conditions: Long-term average flow below 15 mafy and 8-year 
drought below 13 mafy—or “Low Streamflow” conditions. 

• Lee Ferry Deficit vulnerable conditions: Long-term average flow below 13.8 maf and 8-
year drought below 11.2 mafy—or “Lowest Streamflow” conditions. 

Recall that the Lee Ferry Deficit vulnerable conditions are more stressing conditions than the 
Lake Mead pool elevation < 1,000 feet msl vulnerable conditions. As expected, for all portfolios, 
costs are significantly lower and grow more slowly over time when considering all traces. For 
traces within vulnerable conditions, however, costs increase more rapidly in the early and middle 
periods as available options are quickly brought on line. Again, Portfolio C is less costly for the 
Lowest Streamflow conditions (i.e., traces with Long-Term Flow < 14 mafy and Drought Below 
11 mafy) than Portfolios A and B. Note that the wide range in costs for traces within the Lowest 
Streamflow conditions reflects the mixture of very stressing and moderately stressing traces. 
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FIGURE G-45 
Total Annual Cost by Supply Scenario Resulting from Implementation of the Dynamic Portfolios over Time  

 
The spread between the 25th and 75th percentile is indicated by shading. The 10th and 90th percentile values are indicated by the 
‘x’s. 
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FIGURE G-46 
Total Annual Cost for All Traces and Low Streamflow and Lowest Streamflow Conditions Resulting from Implementation of the 
Dynamic Portfolios over Time 

 
The spread between the 25th and 75th percentile is indicated by shading. The 10th and 90th percentile values are indicated by the 
‘x’s. Low Streamflow conditions are those in which long-term mean natural flows are less than 15 mafy and the 8-year dry period 
flows are less than 13 mafy. Lowest Streamflow conditions are those in which long-term mean natural flows are less than 14 mafy 
and the 8-year dry period flows are less than 11 mafy. 
 
The next two figures show the distribution of average costs over time for the four portfolios and 
the scenarios (figure G-47) and the vulnerable conditions (figure G-48). Across all groups of 
traces, the pattern of average costs for the Portfolios A and C is distinct from Portfolios B and D. 
Specifically, the former portfolios lead to markedly higher costs in the near term. These higher 
costs are due to the relatively high cost of the Energy Sector Conservation option ($2,000 per af) 
and some of the later increments of M&I Conservation ($700 to $950 per af), which are specified 
to be implemented when available. Average costs for all portfolios are roughly similar by 2060, 
ranging from about $750 to $1,250 per af for the Observed Resampled traces (top panels, 
figure G-47) and from $1,000 to $1,250 per af for the Lee Ferry Deficit vulnerable traces 
(bottom panels, figure G-48). 
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FIGURE G-47 
Average Annual Cost by Supply Scenario Resulting From Implementation of the Dynamic Portfolios over Time  

 
The spread between the 25th and 75th percentile is indicated by shading. The 10th and 90th percentile values are indicated by the 
‘x’s. 
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FIGURE G-48 
Average Annual Cost for All Traces and Low Streamflow and Lowest Streamflow Conditions Resulting from Implementation of 
the Dynamic Portfolios over Time 

 
The spread between the 25th and 75th percentile is indicated by shading. The 10th and 90th percentile values are indicated by the 
‘x’s. Low Streamflow conditions are those in which long-term mean natural flows are less than 15 mafy and the 8-year dry period 
flows are less than 13 mafy. Lowest Streamflow conditions are those in which long-term mean natural flows are less than 14 mafy 
and the 8-year dry period flows are less than 11 mafy. 
 

The options implemented within the portfolios also vary in terms of their characteristics (see the 
individual options section). Figures G-49 and G-50 summarize the range across the traces of 
yield in 2060 by each of the five characteristics ratings (A through E) for two groupings of 
criteria. These two criteria groups are representative of the overall strategy used to develop the 
portfolios. The Reliability group, which includes Technical Feasibility, Long-Term Viability, 
and Implementation Risk criteria, is used to represent the technical feasibility and long-term 
reliability preferences of Portfolio B. Similarly, the Environment group, comprising Energy 
Needs, Permitting, and Other Environmental Factors criteria, is used as a surrogate for reduced 
potential environmental impacts that are preferred in Portfolio C. For each grouping, the total 
yield by options with scores of A through C and D through E are summed for each three criteria 
and divided by three. 
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Figure G-49, for example, shows that Portfolio B implements mostly options with reliability 
characteristics of A, B, or C. Portfolio C, however, provides a modest about of yield using 
options that score D or E on these criteria. 

FIGURE G-49 
Amount of Annual Yield with Reliability Group Characteristics Scores A–E for Each Portfolio in 2060  

 
 
 

Figure G-50 shows that Portfolio B implements up to about 1.5 maf of options that received 
either a D or E score in terms of energy needs for some traces. Portfolio C, in contrast, provides 
less yield through options that received a D or an E score for the Environment group 
characteristics. 
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FIGURE G-50 
Amount of Annual Yield with Environment Group Characteristics Scores A–E for Each Portfolio In 2060  

 
 

In summary, there is much similarity across the portfolios in terms of the costs incurred across 
the traces and the characteristics of the options. Some modest differences are summarized in 
table G-17. 
 

TABLE G-17 
Summary of Costs and Option Characteristics Differences Among Portfolios 

 Portfolio A Portfolio B Portfolio C Portfolio D 
Costs Highest cost Higher annual 

costs in later years 
High average cost in 
early years, lower 
cost, particularly for 
more stressing 
traces, in later years  

Lowest cost 

Option 
characteristics 

Use of broadest 
range in terms of 
characteristics of 
options 

Options with higher 
reliability 

Fewer energy- 
intensive options 

No low reliability 
options; fewer 
energy-intensive 
options 
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6.3.10 Vulnerability Reduction Versus Cost Tradeoffs 
It is important to consider the costs of implementing portfolios in relationship to their effects on 
reducing basin vulnerabilities. Figures G-51 and G-52 combines the information presented in 
figure G-29 (percent of vulnerable years for each water delivery indicator metric) and figure G-
45 (total annual cost by vulnerable condition) for different groups of traces. 

As shown in figure G-51 (top row) the annual cost, in 2012 dollars, for implementing the 
portfolios ranges from approximately $2.5 billion to $3.5 billion in the year 2060 when 
considering the median of the Observed Resampled supply sequences, and from $3.6 billion to 
$5.8 billion when considering the median of the Downscaled GCM Projected supply sequences. 
The inter-quartile ranges of cost are significantly larger. However, because of the appraisal-level 
option cost estimating used in the Study, the cost values contain additional uncertainty not 
directly reflected in these estimates.  
 
FIGURE G-51 
Percent of Years Vulnerable for Upper Basin and Lower Basin Vulnerabilities from 2041–2060 and Range In Total Annual Cost 
In 2060 Across Supply Scenarios for Four Portfolios  
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FIGURE G-52 
Percent of Years Vulnerable from 2041–2060 and Range In Total Annual Cost In 2060 for All Water Supply Sequences (top), 
Sequences with Low Streamflow Conditions (middle), and Sequences with Lowest Streamflow Conditions (bottom) Across Upper 
Basin and Lower Basin Vulnerabilities, for Four Portfolios  

 
(1) Conditions in which long-term mean natural flows are less than 15 mafy and the 8-year dry period flows are less than 13 mafy. 
(2) Conditions in which long-term mean natural flows are less than 14 mafy and the 8-year dry period flows are less than 11 mafy. 
 
Across the top three supply scenarios (Observed Resampled, Paleo Resampled, and Paleo 
Conditioned), one can see that Portfolios B and D are generally less costly than Portfolios A and 
C. For the Downscaled GCM Projected water supply scenario tradeoffs begin to become 
apparent. Specifically, Portfolio C leads to fewer vulnerable years with respect to Upper Basin 
reliability than Portfolios A and B, with an upper range of costs that is also lower than those for 
Portfolios A and B. Conversely, Portfolio A generally leads to the fewest vulnerable years with 
respect to Lower Basin reliability than other portfolios.   

The differences among the portfolios become even more apparent in terms of costs and ability to 
reduce vulnerability as one focuses on the future conditions that are particularly stressing to the 
basin. Figure G-52 shows that across all traces, each portfolio reduces the years in which the 
Basin is vulnerable similar amounts. As was seen in figure G-45, the 2060 cost ranges are wide, 
reflecting the diversity of conditions across all traces.  
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For sequences that are less favorable, such as in the “Low Streamflow” conditions, tradeoffs 
among the portfolios more pronounced. For the Lower Basin Vulnerability (Lake Mead Pool 
Elevation < 1,000 feet msl) (right column), Portfolios A and B are the most effective in reducing 
vulnerability, yet the range in costs are lower for the former. In this case, Portfolio B could be 
considered more favorable to the others in terms of these two dimensions. For the Upper Basin 
Vulnerability (Lee Ferry Deficit) (left column), however, the portfolios that reduce vulnerability 
more, lead to higher ranges in cost. Note, however, that Portfolio C reduces vulnerabilities more 
than the Portfolios B and D, and has a lower high cost range than Portfolio B. 

When considering the “Lowest Streamflow” subset of sequences (figure G-52, bottom row), two 
distinct tradeoffs between reduction in vulnerability and cost across the portfolios are seen. For 
the Upper Basin Reliability system vulnerability, Portfolio C both performs better than 
Portfolios B and D in terms of reducing this vulnerability and has a lower range of costs than 
Portfolios A and B. For the Lower Basin Reliability System Vulnerability, however, Portfolio B 
reduces vulnerability more than Portfolios C and D and also results in lower costs than 
Portfolio A. 

6.3.11 Implemented Options for Different Portfolios  
The four portfolios evaluated in the Study represent different approaches for addressing the 
projected imbalances between water supply and demand and associated vulnerabilities. These 
portfolios were developed as exploratory strategies and should not be considered as individual 
suggestive pathways. Rather, they were developed to explore the range of options, different 
preferences for option characteristics, and different levels of option inclusion. Analysis of the 
frequency and timing of option implementation in the dynamic portfolios provides insight toward 
development of long-term strategies for the Basin. 

Successful strategies for the Basin will need to consider near-term actions, conditions that should 
be monitored over time, and options that can be implemented contingent on future conditions. 
The results presented in this section can be analyzed to identify for which options implementation 
should begin soon, and which options may be necessary only if conditions warrant them. The 
vulnerable conditions described in this report can provide a starting point for developing a 
monitoring approach to inform future investment needs. However, some actions have sufficiently 
long implementation timelines that action will need to be taken well in advance of the shorter-
duration monitoring metrics. Some options are needed soon after availability only in futures 
consistent with the vulnerable conditions identified in the Study. In such cases, implementation of 
such options would hedge against the possible vulnerable conditions. Last, due to the particularly 
severe nature of some scenarios, the elimination of all vulnerabilities is not possible given the 
current range of options and the extreme nature of certain hydrologic futures. 

Evaluation of options across the range of uncertain futures and exploratory portfolios considered 
in the Study can be summarized in terms of three main outcomes:  

• The percentage of traces in which an option is implemented: The higher percentage of 
traces, the less contingent the need for the option is on future conditions. 

• The time delay between when individual options could be available and when they are 
implemented in CRSS simulations: Options with no or little time delay require planning to 
begin soon. 
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• The differences in implementation percentage and delay across portfolios and 
vulnerable conditions: Options with similar implementation percentage and delay across the 
portfolios represent common groups between the preferences behind the different portfolios; 
options implemented soon in vulnerable conditions represent potential hedging actions. 

CRSS implements options according to the ordering defined by the portfolio preferences and cost 
effectiveness (described in Technical Report F – Development of Options and Strategies) and in 
response to vulnerable conditions, according to defined signposts. Some options, therefore, are 
implemented by all four portfolios, whereas other options are only implemented in some of the 
portfolios. Within each portfolio, options are implemented more frequently and at different timing 
depending on the particular trace conditions. Figure G-53 shows the frequency of option 
implementation for all four portfolios by year. The black vertical line indicates the first year in 
which an option could be available. Green diamonds indicate years in which those options are 
implemented in few traces, and yellow and red diamonds indicate years in which options are 
increasingly implemented within the traces. Note that these results aggregate results across all the 
supply, demand, and management scenarios.  

Several key observations can be made from this figure: 

• Almost all of the conservation options are implemented in nearly all traces by 2060, although 
Portfolios A and C implement these options more frequently, and earlier in the Study period. 
The exception is the fifth step of M&I conservation, which is only implemented in some 
traces by 2060 in Portfolio B. 

• The only options that are always implemented the year in which they are available are those 
that are specified to begin immediately by portfolio design—e.g., M&I Conservation UB, 
which is part of the specified water bank in Portfolios A and C; Watershed-Weather Mod 
(Steps 1 and 2) for Portfolio B; and Energy Sector Conservation for Portfolio C and 
Portfolio A. 

• The Portfolios A and B, in general, implement more options than the other two portfolios in 
some traces, largely due to the greater availability of options in these portfolios to meet 
stressing traces.  

Common options can be defined as those that are frequently selected for implementation across 
the range of scenarios included in the Study. Similarly, short delay options can be described as 
those that are implemented at or near the earliest dates that they are assumed to be available. 
Common, short delay options are then those that are frequently selected for implementation and 
which are implemented soon after they are available. The implementation of these options 
suggests that feasibility may need to be investigated soon. Common, long delay options are those 
that are implemented in most traces, but only after a delay from the time in which they are 
available. A delay in feasibility assessment of these options may be warranted in these cases. 
Last, contingency options are those that are implemented in only some traces. 
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FIGURE G-53 
Percent of Traces in Which Options are Implemented over Time for Each Portfolio  

 
Note: Color indicates percentage of traces in which options are implemented. Vertical lines indicate year in which options are available.  

Ag=agricultural, UB=Upper Basin, LB=Lower Basin, M&I=Municipal and Industrial, Mod=Modification, Desal=Desalination, SoCal=Southern California. 
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To identify common, short delay options; common, long delay options; and contingency options, 
the percent of traces in which an option is implemented and the delay in option implementation 
is evaluated for each portfolio. The percent of traces in which the option is implemented is 
computed by considering all traces in all scenarios. The option implementation delay is 
computed as the median difference between the dynamic implementation timing and the year in 
which the option is assumed to be available in traces where the option is on. The implementation 
delay threshold between short and long delay options was 5 years. 

Figure G-54 expands on figure G-53 for a few select options in Portfolios B and C to show the 
timing in which options are implemented at increasing frequency. Options in which this 
relationship is vertical are needed in most traces immediately and are common, short delay 
options. Options with a more sloped relationship are only required soon in some traces, and for 
other traces the options are not needed until later. These are either common, long delay or 
contingency options. For example, M&I Conservation (Step 1) is implemented in all traces 
immediately after it is available in Portfolio C. However, it is only implemented in 25 percent of 
the traces by 2018 and in 100 percent of the traces by 2060 for Portfolio B. This option is a 
common, short delay option for Portfolio C and a common, long delay option for Portfolio B. 
The Desal-Pacific Ocean-CA (Step 1) and Import-Front Range-Missouri portfolios, in contrast, 
are contingency options—they are only needed in about 15 percent and 30 percent of the traces 
evaluated, respectively. 

To summarize these results for all options, table G-18 shows the percent implemented by 2060 
(color and label) and the minimum delay (across options) between availability and median 
implementation (size) for eight representative option groups. Large, red squares indicate option 
groups in which options are implemented frequently across the sequences and have a short delay 
(e.g., Ag Conservation, M&I Conservation, and Weather Mod for Portfolio B). These groups 
include common, short delay options. Smaller red squares indicate option groups in which 
options are implemented in most traces by 2060, but only after a long delay from availability. 
These groups include common, long delay options. Large green squares include options that are 
less frequently implemented and have a short delay. Small green squares include options that are 
less frequently implemented and have a long delay (e.g., Local-Coal Bed Methane). These are 
contingency options. 

Interpretation of common, short delay options is straightforward. These options were found by 
CRSS to be most effective in addressing system imbalances in most traces, and would need to be 
implemented soon to meet Basin needs. There is more ambiguity about options identified to be 
long delay or contingency options (those implemented soon after availability in a smaller 
percentage of traces).  

To better understand whether implementation of long delay or contingency options should 
proceed soon, looking to the vulnerable conditions identified earlier can provide insight. 
Identifying options that are needed soon after availability within the vulnerable conditions 
provides guidance on options to invest in to increase the system’s resilience to these conditions. 
Tables G-18 and G-19 show similar information as table G-18 but based on only those within 
Low Streamflow conditions (table G-19) and within Lowest Streamflow conditions (table G-20).  
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FIGURE G-54 
Percentage of Traces (vertical axis) Implemented by year (horizontal axis) for Select Options with Portfolio B and Portfolio C 
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TABLE G-18  
Percent of Traces in Which Options are Implemented from Option Group (label and color) and the Minimum Delay (across the 
options) Between Availability and Median Implementation Delay (size)  

 

  



Colorado River Basin 
Water Supply and Demand Study 
 
 

G-98 December 2012 

TABLE G-19 
Percentage of Traces within Low Streamflow conditions In which Options are Implemented from Option Group (label and color) 
and the Minimum Delay (across options) between Availability and Median Implementation Delay (size) 

 
Low Streamflow conditions are those in which long-term mean natural flows are less than 15 mafy and the 8-year dry period flows 
are less than 13 mafy. 
 



Technical Report G — System Reliability Analysis 
 and Evaluation of Options and Strategies 

 
 

December 2012 G-99 

TABLE G-20 
Percentage of Traces within Lowest Streamflow conditions in which Options are Implemented from Option Group (label and 
color) and the Minimum Delay (across options) between Availability and Median Implementation Delay (size) 

 
Lowest Streamflow conditions are those in which long-term mean natural flows are less than 14 mafy and the 8-year dry period 
flows are less than 11 mafy. 
 
Table G-18 shows that several more option groups include common, short delay options. For 
example, Ag Conservation with Transfers is a short delay option for all portfolios, not just 
Portfolio B. Reuse-Municipal is also implemented in most traces across all traces with short 
delays. Many option groups show more options becoming common, long delay options. 
Desal-Pacific Ocean-Mexico is now implemented in about 90 percent of traces in the Long-Term 
Reliability and Portfolio A. Watershed-Weather Mod projects also move to a long delay option, 
being implemented in between 66 and 100 percent of traces across the four portfolios.  

When considering the within Lowest Streamflow conditions, even more option groups become 
short delay (table G-20). For example, more desalination options are implemented in most traces, 
although not immediately after availability. Reuse and watershed management options are also 
implemented in most traces within this vulnerability. 

Planning for short delay options across all traces should ideally begin immediately because these 
actions will be necessary to meet future challenges. If Basin planners believe that the vulnerable 
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conditions are likely to occur, planning for the short delay options in the vulnerable conditions 
should also begin immediately. With long delay options, Basin planners can monitor signpost 
conditions and begin implementation if conditions degrade.  

6.4 Summary of System Reliability with Options and Strategies  
Several key findings emerge from the modeling and analysis discussed in this section: 

• The modeling of a single static portfolio (Static Portfolio A) shows that significant system 
improvements are possible given the set of options characterized in the Study. These 
improvements led to a substantial reduction in vulnerabilities for most, but not all scenarios. 
Not all vulnerabilities could be mitigated for some extreme scenarios.  

• Four dynamic portfolios helped determine a more realistic range of action across the wide 
variety of supply/demand scenarios quantified. These results indicate that full investment in 
the Static Portfolio A is not required for many scenarios in order to effectively mitigate a 
large number of vulnerabilities. Of the traces that the system is still vulnerable with the 
implementation of portfolios, most are from the Downscaled GCM Projected supply 
scenario. 

• A comparison of dynamic portfolio model simulations revealed several relationships. In 
many traces, portfolios with more available options improved system performance at higher 
costs. For some indicator metrics and traces, different portfolios were both more effective at 
reducing vulnerabilities and containing costs. The portfolio analysis also showed the 
differences in reliability and environmental characteristics of the options used to address 
vulnerabilities across the portfolios. 

This section provided insight into which options are common across traces and implemented 
with only short delays after availability. Table G-21 summarizes these findings by classifying 
which representatives option have short or long delay in more than 75 percent of the traces by 
2060. These results are calculated for all traces and by vulnerable conditions. The 
implementation delay threshold between short and long delay options was 5 years. The coloring 
in the table indicates the number of portfolios that are short or long delay (Darker reds indicate 
short delay for more portfolios; darker greens indicate longer delay for more portfolios.) 

Table G-19 highlights the following key findings: 

• Options that are always short delay: M&I Conservation (for all portfolios); Ag 
conservation and Weather Mod (for Portfolio B); Energy Water Use Efficiency (for 
Portfolios A and B)—implementation of these options now, per preferences for different 
portfolios, is most consistent to the findings of this analysis.  

• Additional short delay options in Low Streamflow conditions (Long-Term Flow < 15 
mafy and Drought < 13 mafy): Desal-Salton Sea; Ag Conservation (all portfolios); Reuse 
Municipal (Portfolio C and D)—these options would need to be implemented soon in order 
to hedge against these challenging conditions. 
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TABLE G-21 
Portfolios in Which Option Groups Have Short Delay and Long Delay Options Across All Traces (Left Two Columns) 
Darker reds and darker greens indicate more portfolios with specified delay.  

Option Category Option Group 

Common Across All 
Traces 

Common Across Low 
Streamflow Conditions1 

Common Across Lowest 
Streamflow Conditions2 

Short Delay Long Delay Short Delay Long Delay Short Delay Long Delay 

Ag Conservation Ag Conservation with Transfers B A, C, D A, B, C, D  A, B, C, D  

Desalination Desal-Groundwater  A, B, C, D  A, B, C, D  A, B, C, D 

Desal-Gulf       A, B 

Desal-Pacific Ocean-California       

Desal-Pacific Ocean-Mexico    A, B  A, B 

Desal-Salton Sea  A, B, C, D ALL  A, B, C, D  

Desal-Yuma  A, B, C, D  A, B, C, D A, B, C, D  

Energy WUE Energy Water Use Efficiency A, C  A, C  A, C B, D 

Import Import Front Range     A, B  

Local Supply Local-Coal Bed Methane      A, B 

Local-Rain      A, C 

M&I Conservation M&I Conservation A, B, C, D  A, B, C, D  A, B, C, D  

Reuse Reuse-Grey Water      A, C 

Reuse-Industrial      A, B, C, D 

Reuse-Municipal     A, B, C, D  

Watershed 
Management 

Watershed-Brush Control  A, C A C A, C  

Watershed-Dust Control     A, C  

Watershed-Weather Mod. B  B  B A, C, D 
1 Low Streamflow conditions are those in which long-term mean natural flows are less than 15 mafy and the 8-year dry period flows are less than 13 mafy. 
2 Lowest Streamflow conditions are those in which long-term mean natural flows are less than 14 mafy and the 8-year dry period flows are less than 11 mafy. 
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• Additional short delay options in Lowest Streamflow conditions (Long-Term Flow < 14 
mafy and Drought < 11 mafy): Desal-Yuma; Import-Front Range (Portfolios A and B)—
near-term implementation of these options would be required only to hedge against the more 
severe conditions. 

• Key contingent options within Low Streamflow conditions (Long-Term Flow < 15 mafy 
and Drought < 13 mafy) include: Desal-Gulf of California, Desal-Pacific Ocean-California, 
Reuse-Grey Water, and Watershed-Dust Control, and Local-Coal Bed Methane—
implementation of these options can wait and be triggered in response to signposts 
anticipating these challenging conditions. 

7.0 Summary 
The results of the system reliability analysis without options and strategies indicate the potential 
for continued and significant stress on Basin resources. Lake Mead and Lake Powell storage was 
shown to be declining. With declining lake levels, resources such as hydropower and shoreline 
recreation are affected, while the probability of water delivery shortages is increased. Flow in 
many key tributaries decreased based on projections of reduced r reduced natural flow and 
growing demands, which had implications for flow-dependent resources such as boating 
recreation and ecological needs. These findings fully support the need to develop and evaluate 
options for balancing future supply and demand.  

Based on additional analysis of modeling results without options and strategies, it was found 
that no single combination of water supply, water demand, and operational assumptions is 
responsible for the aforementioned challenges. In fact, most combinations have the capacity 
to stress at least some Basin resources. However, more noteworthy is the relative importance 
of various vulnerability drivers depending on a particular combination of water supply, water 
demand, and operational assumptions and the time period. For the first period in the Study 
horizon (2012–2026), all scenarios follow the operational policies established by the 2007 
Interim Guidelines (DOI, 2007). At the same time, demands are not appreciably different across 
the scenarios. Therefore, the largest driver of vulnerability in the early time period is associated 
with projections of water supply. In the later two time periods, assumptions for the operation of 
Lakes Powell and Mead and demand scenarios are increasingly important with regard to 
vulnerability rates. In fact, by the third time window, some resources show roughly equal 
vulnerability caused by the water supply, water demand, and operational assumptions. The 
exception to this observation is the Downscaled GCM Projected water supply scenario. The 
increased variability and declining trend in flow in this scenario increase are substantial enough 
that vulnerability is elevated under these hydrologic conditions, regardless of the demand and 
operational assumptions. In most cases, the lowest vulnerability for scenarios with the 
Downscaled GCM Projected supply is still greater than any other supply, demand, operational 
assumption combination.  

System modeling with options and strategies demonstrated that all portfolios have capacity to 
reduce vulnerabilities across resources and in doing so, making a sizeable reduction in the 
supply-demand imbalance. In the 2012 through 2026 period, reductions in vulnerabilities tend to 
be small, owing to generally low risks early on, even in the baseline and also, in some cases, a 
lack of options available to address vulnerabilities that may occur. In the latter two time 
windows, vulnerability reductions of 50 percent or more (relative to Baseline results) are seen in 



Technical Report G — System Reliability Analysis 
and Evaluation of Options and Strategies 

 
 

December 2012 G-103 

all resource categories. The one exception is the flood control indicator metric. A consequence 
of increased Basin yield and greater storage in reservoirs is a slight increase in flood control 
vulnerabilities. These events remain fairly infrequent; reaching a maximum frequency of 
5 percent of years in the later period, when the most options have been implemented.  

These reductions in vulnerability are encouraging, but vulnerabilities are never completely 
eliminated, even when every option considered is implemented as soon as it becomes available. 
Further, given the uncertainty of future conditions, it is impossible to predict the actual 
vulnerability distribution.  Because of this, the percent of years or traces that are vulnerable 
does not translate to a future probability of occurrence. Rather the suite of projections of 
future conditions was used to evaluate the effectiveness of various portfolios for reducing 
vulnerabilities. The effectiveness of the portfolios is summarized for two subsets of the scenarios 
considered: by water supply scenario and by specific conditions that tend to accompany certain 
vulnerabilities. In the case of a Lee Ferry Deficit, an 8-year drought with average flow less than 
or equal to 11.2 mafy (natural flow at Lees Ferry) was one of the conditions that was found to 
accompany that particular vulnerability. When repeated for results with portfolios, the 8-year 
drought magnitude associated with a Lee Ferry Deficit was found to be as low as 10 mafy in 
some cases. This provides a quantitative assessment of portfolio performance by defining the 
change in severity of conditions that can be tolerated.  

Of the four strategies and associated portfolios considered, notable differences extend beyond 
portfolio performance. As discussed earlier, portfolios differ based on the options used to address 
supply/demand imbalances. From analysis of the characterization criteria, the portfolios 
differentiate most notably on cost, environmental effects, and long-term reliability. Portfolio cost 
is largely driven by the total potential yield considered in the portfolio, the unit cost of the 
options, and the water supply and water demand conditions for which the portfolio was 
evaluated. As such, by 2060, annual portfolio costs range from approximately $2 billion to 
$5 billion, but could increase to potentially $7 billion under the GCM Projected scenario. The 
differences in cost across portfolios result from the preference of option types versus increased 
ability to reduce vulnerabilities. Two examples of this are portfolio preferences for options with 
higher long-term reliability and preferences for lower environmental impacts. By choosing to 
only consider options that were characterized as moderate to high long-term viability, lower unit 
cost alternatives may be excluded, but the options increased the total potential yield. In contrast, 
options characterized as having lower potential environmental impacts may come at the expense 
of yield certainty. The purpose of exploring these differences is not to identify a “best” portfolio 
or strategy, but to acknowledge that there are various approaches to address the future supply and 
demand imbalance and that each has associated implications that must be considered in the 
decision making process.  

Although the portfolios explored in the Study address Basin imbalances differently, they also 
have commonalities. For example, all portfolios incorporate significant agricultural water 
conservation, M&I water conservation, energy water use efficiency, and some levels of weather 
modification because they are available relatively early in the Study horizon and address many of 
the vulnerabilities. However, some options were implemented more frequently in response to 
challenging water supply conditions. For example, ocean and brackish water desalination, 
wastewater reuse, and importation options were implemented for the most challenging water 
supply conditions in portfolios. It is also important to note that option selection and 
implementation depends upon the option characterization process and results. As a result, it 
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is possible that of two similar options, one may be relied on often while the other is almost never 
implemented due to cost differences, permitting difficulty, technical feasibility, or other factors. 
Robust planning requires careful consideration with regard to timing, location and magnitude of 
anticipated future Basin needs in addition to the frequency with which options are implemented 
as suggested in the Study. 

The Study confirms that without action, the Colorado River system will become increasingly 
challenged to sustain the communities and resources that rely on Colorado River system 
water supply. The Study demonstrates that many of the Basin imbalances and resulting 
vulnerabilities to Basin resources can be greatly improved or mitigated through option and 
portfolio implementation. However, due to the particularly severe nature of some projected 
scenarios, the elimination of all vulnerabilities was not possible given the range of options 
considered and the extreme nature of certain plausible hydrologic futures. This raises significant 
questions regarding the acceptable levels of risks to Basin resources and the appropriate trade-
offs in terms of options, costs, resources, and other implications to achieve those acceptable 
levels.  Even though these questions are beyond the scope of the current effort, they will need to 
be addressed as part of the implementation of options as well as in subsequent planning efforts. 
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Disclaimer 
The Colorado River Basin Water Supply and Demand Study (Study) is funded jointly by the Bureau of 
Reclamation (Reclamation) and the seven Colorado River Basin States (Basin States). The purpose of 
the Study is to analyze water supply and demand imbalances throughout the Colorado River Basin and 
those adjacent areas of the Basin States that receive Colorado River water through 2060; and develop, 
assess, and evaluate options and strategies to address the current and projected imbalances.  
Reclamation and the Basin States intend that the Study will promote and facilitate cooperation and 
communication throughout the Basin regarding the reliability of the system to continue to meet Basin 
needs and the strategies that may be considered to ensure that reliability. Reclamation and the Basin 
States recognize the Study was constrained by funding, timing, and technological and other limitations, 
and in some cases presented specific policy questions and issues, particularly related to modeling 
and interpretation of the provisions of the Law of the River during the course of the Study. In such 
cases, Reclamation and the Basin States developed and incorporated assumptions to further complete 
the Study. Where possible, a range of assumptions was typically used to identify the sensitivity of the 
results to those assumptions. 
Nothing in the Study, however, is intended for use against any Basin State, any federally recognized 
tribe, the federal government or the Upper Colorado River Commission in administrative, judicial or 
other proceedings to evidence legal interpretations of the Law of the River. As such, assumptions 
contained in the Study or any reports generated during the Study do not, and shall not, represent a legal 
position or interpretation by the Basin States, any federally recognized tribe, federal government or 
Upper Colorado River Commission as it relates to the Law of the River. Furthermore, nothing in the 
Study is intended to, nor shall the Study be construed so as to, interpret, diminish or modify the rights 
of any Basin State, any federally recognized tribe, the federal government, or the Upper Colorado River 
Commission under federal or state law or administrative rule, regulation or guideline, including without 
limitation the Colorado River Compact (45 Stat. 1057), the Upper Colorado River Basin Compact (63 
Stat. 31), the Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande, Treaty 
Between the United States of America and Mexico (Treaty Series 994, 59 Stat. 1219), the United 
States/Mexico agreement in Minute No. 242 of August 30, 1973 (Treaty Series 7708; 24 UST 1968), or 
Minute No. 314 of November 26, 2008, or Minute No. 318 of December 17, 2010, or Minute No. 319 
of November 20, 2012, the Consolidated Decree entered by the Supreme Court of the United States in 
Arizona v. California (547 U.S 150 (2006)), the Boulder Canyon Project Act (45 Stat. 1057), the 
Boulder Canyon Project Adjustment Act (54 Stat. 774; 43 U.S.C. 618a), the Colorado River Storage 
Project Act of 1956 (70 Stat. 105; 43 U.S.C. 620), the Colorado River Basin Project Act of 1968 
(82 Stat. 885; 43 U.S.C. 1501), the Colorado River Basin Salinity Control Act (88 Stat. 266; 43 
U.S.C. 1951) as amended, the Hoover Power Plant Act of 1984 (98 Stat. 1333), the Colorado River 
Floodway Protection Act (100 Stat. 1129; 43 U.S.C. 1600), the Grand Canyon Protection Act of 1992 
(Title XVIII of Public Law 102-575, 106 Stat. 4669), or the Hoover Power Allocation Act of 2011 
(Public Law 112-72). In addition, nothing in the Study is intended to, nor shall the Study be construed 
so as to, interpret, diminish or modify the rights of any federally recognized tribe, pursuant to 
federal court decrees, state court decrees, treaties, agreements, executive orders and federal trust 
responsibility. Reclamation and the Basin States continue to recognize the entitlement and right of 
each State and any federally recognized tribe under existing law, to use and develop the water of the 
Colorado River system. 
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Appendix G1 — Modeling Sub-Team 
Members 

The information presented in Technical Report G – System Reliability Analysis and 
Evaluation of Options and Strategies is the outcome of a collaborative process involving 
representatives of numerous organizations.  

A list of Modeling Sub-Team members and their affiliations is presented below.  

• Don Gross, Arizona Department of Water Resources 
• Alan Butler, Bureau of Reclamation 
• Carly Jerla, Bureau of Reclamation 
• Ken Nowak, Bureau of Reclamation 
• James Prairie, Bureau of Reclamation 
• Dave Trueman, Bureau of Reclamation 
• Chuck Cullom, Central Arizona Project 
• Mohammed Mahmoud, Central Arizona Project 
• Greg Gates, CH2M HILL 
• Armin Munévar, CH2M HILL 
• Jennifer Pitt, Environmental Defense Fund 
• Evan Bloom, RAND Corporation 
• Jordan Fischbach, RAND Corporation 
• David Groves, RAND Corporation 
• Kay Brothers, Southern Nevada Water Authority 
• Tom Maher, Southern Nevada Water Authority 
• Colby Pellegrino, Southern Nevada Water Authority 
• Chuck Lawler, Ten Tribes Partnership 
• Bill Hasencamp, The Metropolitan Water District of Southern California 
• Karen Murphy, The Metropolitan Water District of Southern California 
• Kevin Wheeler, Water Balance Consulting 
• Erin Wilson, Wilson Water Group 
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Appendix G2 — CRSS Modeling 
Assumptions 

1.0 Background 
The Colorado River Simulation System (CRSS), the Bureau of Reclamation’s (Reclamation) 
long-term planning model that covers the entire Colorado River Basin (Basin), is the primary 
model used in the Colorado River Basin Water Demand and Supply Study (Study) to simulate 
future conditions. The model framework used for this process is a commercial river modeling 
software called RiverWare™ (Zagona et al., 2001); a generalized river basin modeling software 
package developed by the University of Colorado through a cooperative arrangement with 
Reclamation and the Tennessee Valley Authority. CRSS was originally developed by 
Reclamation in the early 1970s and was implemented in RiverWare™ in 1996.  

CRSS simulates the operation of the major reservoirs on the Colorado River and provides 
information regarding the projected future state of the system on a monthly basis in terms of 
output variables including the amount of water in storage, reservoir elevations, releases from the 
dams, the amount of water flowing at various points throughout the system, and the diversions to 
and return flows from the water users throughout the system. The basis of the simulation is a 
mass balance (or water budget) calculation that accounts for water entering the system, water 
leaving the system (e.g., from consumptive use of water, trans-basin diversions, evaporation), 
and water moving through the system (i.e., either stored in reservoirs or flowing in river 
reaches). The model was used to project the future conditions of the Colorado River system on a 
monthly time-step for the period 2012 through 2060.  

The input data for the model includes monthly natural inflows, various physical process 
parameters such as the evaporation rates for each reservoir, initial reservoir conditions on 
January 1, 2012, and the future diversion and depletion schedules for entities in the Basin States 
and for the United Mexican States (Mexico). These future schedules were based on the six 
demand scenario quantified in the Study (Technical Report C – Water Demand Assessment).  

The rules of operation of the Colorado River mainstream reservoirs including Lake Powell and 
Lake Mead are also provided as input to the model. This set of operating rules describes how 
water is released and delivered under various hydrologic conditions and aim to reflect actual 
operations. Rules that guide the portfolio implementation are also input to the model and reflect a 
“dynamic” implementation that triggers options to be implemented only when needed as 
determined by the occurrence of a set of pre-defined vulnerability signposts. These signposts 
consist of combinations of certain Lees Ferry natural flow conditions and Lakes Powell and 
Mead reservoir elevations that are correlated to the occurrence undesirable conditions (e.g. Lake 
Mead less than 1,000 feet above mean sea level [msl]) or vulnerabilities. 

The future hydrology used as input to the model consisted of sequences that comprise the 
Study’s four water supply scenarios (Technical Report B – Water Supply Assessment). Each 
sequence (a total of 1,959 when combining all four water supply scenarios) is input as natural 
flow at 29 individual inflow points (or nodes) on the system. The locations of the hydrologic 
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input sites are shown and the methodologies used to generate future inflow sequences are 
discussed in Technical Report B – Water Supply Assessment. 

The following sections describe the CRSS modeling assumptions and configuration associated 
with the modeling of the system reliability without options and strategies (Baseline system 
reliability) and those for the modeling of the system reliability with options and strategies. 

2.0 System Reliability without Options and Strategies 
(Baseline) Modeling Assumptions 

For the modeling of the Baseline system reliability, the state of the system was simulated from 
2012–2060 with all combinations of the supply and demand scenarios.  The four supply 
scenarios are Observed Resampled, Paleo Resampled, Paleo Conditioned, and Downscaled GCM 
(General Circulation Model) Projected. See Technical Report B – Water Supply Assessment for 
further descriptions of the supply scenarios.  The six demand scenarios are Current Projected 
(A), Slow Growth (B), Rapid Growth (C1 and C2), and Enhanced Environment (D1 and D2). 
Additional details are available in Technical Report C – Water Demand Assessment. 
Additionally, two assumptions regarding Lakes Powell and Mead operations after the expiration 
of the Record of Decision for Colorado River Interim Guidelines for Lower Basin Shortages and 
Coordinated Operations of Lake Powell and Lake Mead (2007 Interim Guidelines 
[U.S. Department of the Interior (DOI), 2007]) in 2026 were considered and are described more 
in the reservoir operations section below.  The combination of all water supply and demand 
scenarios and two operational assumptions for Lakes Powell and Mead result in 48 Baseline 
simulations, each with multiple future sequences that reflect water supply uncertainty. For 
combinations in which a demand scenario is coupled with the downscaled GCM projected 
hydrology, agriculture, outdoor municipal and industrial (M&I), and phreatophyte demands, 
along with reservoir evaporation are adjusted to reflect increased water needs under a warmer 
climate, see Technical Report C for additional details.  The following sections detail the 
assumptions and model configuration for the Baseline simulations. 

2.1 Initial Conditions 
The model was initialized with observed 2011 end-of-calendar-year (EOCY) reservoir conditions 
shown in table G2-1. 

2.2 Reservoir Operations 

2.2.1 Upper Basin Reservoirs above Lake Powell 
The Taylor Park, Fontenelle, and Starvation reservoirs are operated in accordance with their 
existing rule curves (Reclamation, 2007), although Fontenelle’s operating rules in CRSS have 
been updated since the 2007 Interim Guidelines (DOI, 2007).  The Aspinall Unit operations do 
not reflect the Record of Decision (ROD) for the Aspinall Unit Operations Final Environmental 
Impact Statement (FEIS) (Reclamation, 2012) because the modeling in the Study began before 
the signing of the ROD.  Instead, Aspinall Unit operations are also operated in accordance with 
their previous rule curves (Colorado River Interim Guidelines for Lower Basin Shortages and 
Coordinated Operations of Lake Powell and Lake Mead Final Environmental Impact Statement 
[Reclamation, 2007]).   
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TABLE G2-1 
2011 End-of-Calendar-Year Reservoir Storage Conditions used as Initial Conditions 

 

Reservoir 
Elevation 
(feet msl) Storage (af) 

Fontenelle 6,486.86 207,381 

Flaming Gorge 6,031.41 3,403,746 

Starvation 5,734.92 255,000 

Taylor Park 9,307.93 66,655 

Blue Mesa 7,489.07 574,132 

Morrow Point 7,154.97 112,986 

Crystal 6,750.95 6,359 

Navajo 6,057.10 1,311,371 

Powell 3,639.74 15,972,410 

Mead 1,132.83 14,883,261 

Mohave 638.82 1,585,878 

Havasu 445.69 537,515 

 
CRSS was modified to reflect the Navajo and Flaming Gorge RODs (Reclamation, 2006a and 
2006b, respectively).  In general, both RODs contain downstream flow targets that the reservoirs 
must attempt to meet according to the rules within the RODs.  In summary, Flaming Gorge 
operations are governed by the April through July unregulated inflow into the reservoir, which 
determines which downstream flow targets should be met—e.g., in a wet year (larger inflow into 
the reservoir), higher downstream flows are targeted.  The flow targets are specified at the sub-
monthly time step, which historically could not be reflected within CRSS.  In order to capture the 
sub-monthly component of the flow targets, and thus Flaming Gorge’s operations, the model was 
programmed to determine typical daily operations before summing to a monthly release (Butler, 
2011).   

Similarly, Navajo’s ROD contains multiple downstream flow targets, specified at sub-monthly 
time intervals.  In this case, a September 30th storage target guides Navajo’s operations.  A 
release pattern is selected to bring Navajo closest to the September 30th storage target while 
helping meet the downstream flow targets stated in the ROD (Butler, 2011). 

2.2.2 Lake Powell and Lake Mead 
For 2012 through 2026, Lake Powell and Lake Mead are operated according to the 2007 Interim 
Guidelines. For modeling purposes, after the expiration of the 2007 Interim Guidelines in 2026, 
two operational assumptions, a. and b. below, were considered. 

1) the Shortage, Surplus, and Coordinated Operations provisions of the 2007 Interim 
Guidelines are extended 
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a. The Equalization Line at Powell from 2027 through 2060 is determined by 
assuming the slope of the Equalization Line from 2012 through 2026 extends 
through 2060.  

2) the operating rules revert to the rules of the 2007 Interim Guidelines Final EIS No Action 
Alternative. The No Action Alternative assumes the following for Shortage, Surplus and 
Coordinated Operations. There is no Intentionally Created Surplus (ICS) assumed in the 
No Action Alternative. 

a. Shortage: Stage 1 Shortage is triggered to prevent Mead from declining below 
1,050 feet msl. Stage 1 Shortages range in volume from approximately 350 to 
500 kaf.  If Lake Mead’s elevation continues to decline, a Stage 2 Shortage is 
imposed to keep Mead above 1,000 feet msl. Stage 2 Shortages can be up to 
3.0 maf. 

b. Surplus: Surplus determinations are per Flood Control Surplus conditions or the 
70R Strategy1. 

c. Coordinated Operations: Three factors affecting Lake Powell’s release are: 1) the 
minimum objective release of 8.23 maf, 2) equalization; and 3) spill avoidance. 
For equalization to occur the 602(a) storage requirement must be met.  

In both cases, Lake Mead flood control procedures are in effect. Also, if Lake Mead elevation 
falls below 1,000 feet msl, deliveries to the Southern Nevada Water Authority (SNWA) are 
assumed to continue. 

If Lake Mead is sufficiently low such that after the maximum shortage (per the 2007 Interim 
Guidelines or No Action Alternative post 2026) is applied water is still unavailable to meet the 
remaining deliveries, the remaining deliveries were shorted hydrologically with respect to their 
physical location on the river.  

2.2.3 Lake Mohave and Lake Havasu 
Lake Mohave and Lake Havasu are operated in accordance with their existing rule curves. 

2.3 Intentionally Created Surplus 
Intentionally Created Surplus (ICS) may be created through various mechanisms, including 
extraordinary conservation, tributary conservation, system efficiency projects, and importation of 
non-Colorado River water. The 2007 Interim Guidelines detail the different types of ICS and the 
rules that govern the creation, storage, and use of ICS credits.  In addition to contractor-specific 
creation, several Lower Basin projects have been completed since 2007.  In 2010, the Warren H. 
Brock Reservoir became operational.  Based on the funding agreement, the Metropolitan Water 
District of Southern California (MWD) and the Central Arizona Project (CAP) were credited 
with 100 kaf,  and SNWA with 400 kaf of system efficiency ICS (referred to as Brock ICS to 

                                                      
1 Under the 70R Strategy, a surplus condition is based on the system space requirement at the beginning of each year. Based on the 70th 

percentile historical runoff, a normal 7.5 maf delivery to the Lower Division states, the Upper Basin scheduled use, and Lake Powell and Lake 
Mead volumes at the beginning of the year, the volume of water in excess of the system space requirement at the end of the year is estimated. If 
that volume is greater than zero, a Surplus is declared.  See appendix A of the 2007 Interim Guidelines Final EIS (Reclamation, 2007) for the 
full 70R computation. 
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distinguish from other system efficiency ICS).  Additionally, the same three agencies funded an 
18-month pilot-run of the Yuma Desalting Plant (YDP).  Based on the pilot run, MWD, CAP, 
and SNWA were credited with 24,397 af; 3,050 af; and 3,050 af of system efficiency ICS 
(referred to as YDP ICS), respectively.  Under the 2007 Interim Guidelines, ICS cannot be 
created after 2026 and must be used by 2036.  Under the modeling assumption that the 2007 
Interim Guidelines expire in 2026, ICS is subject to these constraints.  However, under the 
assumption that the 2007 Interim Guidelines are extended through 2060, it is assumed that ICS 
activity is also extended through 2060.  The remaining sections detail the state-specific modeling 
assumptions for creation and delivery of ICS. 

2.3.1 Arizona 
Arizona has an initial credit of 100 kaf from Brock and 3,050 af from the YDP pilot project.  In 
CRSS, it is assumed that starting in 2018, the CAP will take delivery of 10 kaf per year (kafy) of 
the Brock ICS credits in any non-shortage year (Lake Mead > 1,075 feet msl) as defined by the 
2007 Interim Guidelines until the credits have been exhausted or the ICS mechanism expires.  
Additionally, Arizona will use its 3,050 af of YDP credits in the first normal year (Lake Mead > 
1,075 feet msl and < 1,145 feet msl) after 2017.   

2.3.2 California 
California has an initial credit of 66 kaf from Brock, 24,396 af from YDP, and 344,439 af from 
extraordinary conservation (EC), which are the December 31, 2011 balances.  It is assumed that 
all deliveries of California’s ICS credits are made to MWD and that any creation of ICS credits 
through extraordinary conservation is also made by MWD.  Because ICS expires at different 
times depending on the post-2026 operations assumption, the logic for creation and delivery of 
ICS differs depending on which policy is in effect.  

When it is assumed that the 2007 Interim Guidelines expire in 2026 and operations revert to the 
FEIS No Action Alternative, ICS must be completely recovered by 2036.  Under this operating 
assumption, the 66 kaf of Brock ICS is recovered at a rate of 20 kafy, beginning in 2026, except 
during Shortage and Surplus conditions, or when EC-ICS is created.  Once all Brock ICS credits 
are exhausted, the YDP ICS credits are used to bring the total ICS delivery between Brock and 
YDP to 20 kafy until all YDP credits are also exhausted.  Again, the YDP credits are not 
delivered during Shortage and Surplus conditions or when EC-ICS is created.  When the 2007 
Interim Guidelines are assumed to extend through 2060, the Brock and YDP ICS is recovered 
using the same logic, although the initial recovery does not begin until 2041. 

The creation and delivery of EC-ICS again depends on the post-2026 operations assumption and 
also varies with the natural flow conditions at Lees Ferry.  EC can be created in Surplus and 
Shortage conditions and is assumed to not be delivered during Shortage conditions.  The 
provided demand schedules (see Technical Report C) include an assumed creation of 200 kaf of 
EC-ICS, which is reflected in the model by increasing the initial balance to 544,439 kaf (the 
2011 end-of-calendar-year balance plus the assumed creation minus the system assessment).  
Additionally, it is assumed that another 200 kaf of EC-ICS is created in 2013.  For the period 
2014 through 2060, the creation and delivery amounts vary with post-2026 operations and the 
annual Lees Ferry natural flow.  The annual natural flow at Lees Ferry is compared with the 
1906 through 2008 observed natural flow to determine the quantity of EC-ICS (table G2-2).  The 
maximum amount of EC-ICS that can be stored in Lake Mead is 1.5 million acre-feet (maf), so 
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any creation amount is constrained to not exceed the maximum storage constraint.  When the 
2007 Interim Guidelines are assumed to expire in 2026, the delivery amounts no longer depend 
on the natural flow conditions.  Beginning in 2031, ICS is delivered in any surplus year that 
delivery to MWD is less than 1.25 maf. In normal years the EC-ICS delivery is computed as the 
end of the previous year’s ICS balance divided by the number of years before 2037.  This 
amount in constrained to be no larger than the remaining balance nor more than the remaining 
Colorado River Aqueduct capacity.  For example, if the 2030 balance is 1.5 maf, then the 2031 
delivery is 250 kaf in Normal conditions.   

TABLE G2-2 
California Extraordinary Conservation ICS Creation and Delivery Amounts 

 

 
2007 Interim Guidelines 

Expire in 2026 
2007 Interim Guidelines Extend through 

2060 

Lees Ferry Natural 
Flow Percentile 

Creation 
(kaf) 2014–

2026 
Delivery (kaf) 
2014–20301 

Creation (kaf) Delivery (kaf) 
2014–
2040 

2041–
2060 

2014–
2040 

2041–
2060 

>= 80th   200 0 200 150 0 0 

< 80th and >= 60th  200 0 200 75 0 0 

< 60th and >= 40th  75 0 75 0 0 100 

< 40th and >= 20th  0 0 0 0 0 250 

< 20th  0 150 0 0 150 250 

1 ICS deliveries can continue through 2036.  For the period 2031–2036, the EC-ICS delivery is computed as the end 
of the previous year’s ICS balance divided by the number of years left before 2037. 

 

2.3.3 Nevada 
In the state of Nevada, SNWA accounts for all ICS activity.  The 2011 end-of-year balances for 
Brock and YDP ICS are 400,000 and 3,050 af, respectively.  SNWA also had a non-zero 2011 
end-of-year balance for EC-ICS; however, for the purposes of modeling, these credits were not 
considered.  In addition to EC, YDP and Brock ICS, SNWA takes advantage of tributary 
conservation and imported ICS and has access to 1.25 maf of stored water in an Arizona 
groundwater bank.  It is assumed that SNWA has access to 30 kaf of tributary conservation ICS 
in 2012 through 2015 and 15 kaf in 2015 through 2060 with access to an additional 9 kafy of 
imported ICS.  This section describes the modeled logic for utilizing these multiple resources.  
Based on the quantification of demands (Technical Report C), SNWA has demands above 
Nevada’s basic apportionment of 300 kaf that increase through time.  The logic presented here 
focuses on using ICS credits to help offset the demands above apportionment.  The system 
conditions, i.e., Normal, Surplus, or Shortage, and the differing constraints on the different types 
of ICS, necessitate logic that differs with system condition. 

The logic describes how all sources would be utilized in priority order; however, if at any stage 
there is no more remaining demand above apportionment, then the remaining sources are not 
used.  In Normal conditions, SNWA starts by utilizing the tributary conservation and imported 
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ICS2.  If there is more tributary and imported ICS than demand above apportionment, then the 
remaining ICS credits are converted to EC-ICS and are stored in Lake Mead; if the 2007 Interim 
Guidelines are assumed to expire in 2026, then the remaining credits cannot be stored after 2026.  
The next source utilized is stored EC-ICS credits in Lake Mead.  The withdrawals from EC-ICS 
can occur 10 years after the 2007 Interim Guidelines expire and cannot exceed 300 kaf in any 
one year.  Next, Brock ICS will be recovered at a rate of up to 40 kafy until the 400 kaf are fully 
recovered, or 10 years after the 2007 Interim Guidelines expire, whichever occurs first.  Finally, 
the Arizona groundwater credits are recovered at a rate of up to 40 kafy until fully utilized.  
During a Domestic and Quantified Surplus, the Normal conditions logic is applied, although 
before doing so, the surplus deliveries are applied to the demand above apportionment.  During 
Flood Control Surplus, no ICS deliveries are made and any EC-ICS credits stored in Lake Mead 
are lost.  The flood control delivery to SNWA contains an additional 30 kaf of water that is 
assumed to be deposited into a groundwater bank.  The use of this water is not modeled; 
however, the total deposits are recorded.   

During Shortage Conditions, the tributary conservation and imported ICS are recovered up to 
their respective maximum values. Because EC and Brock ICS cannot be recovered during 
shortage years, the Arizona groundwater bank is the next source available; it is recovered up to 
40 kafy. 

2.4 Other Key Assumptions 

2.4.1 Upper Colorado River Water Rights 
Historically, CRSS has not modeled water rights in the Upper Basin. Deliveries were made to all 
users if there is water in the reach, regardless of whether there was a downstream user with a 
more senior water right.  Although this can affect the modeled deliveries and shortages to various 
users, it also can skew modeled streamflow.  During the Study, an effort was made to improve 
the Upper Colorado River reach upstream of the confluence with the Gunnison River by 
incorporating two senior water rights on the Upper Colorado main stem.  The reach above the 
confluence with the Gunnison River is largely governed by two senior rights: the senior right of 
the Shoshone Power Plant and the senior users from the Grand Valley Irrigation Company.  
CRSS was modified to ensure that Shoshone Power Plant had access to 1,250 cubic feet per 
second by shorting users above Shoshone. Then, all users above the Grand Valley Irrigation 
Company, except for Shoshone Power Plant, are shorted to ensure that the senior users’ demands 
are fully met before meeting any other demands.  The existing demand node that represented the 
Grand Valley Irrigation Company included senior and junior user demands.  It was assumed that 
half of the existing demands were senior demands, which total 106.5 kafy of consumptive 
demand under the Current Projected (A) demand scenario.  Incorporating the simple priority 
deliveries into CRSS more accurately reflects shortages to Upper Colorado main stem users 
while improving the modeled flows at the Colorado River near Glenwood Springs and Cameo 
gages. 

                                                      
2 Tributary conservation and imported ICS are described together throughout the document; however, in practice and in CRSS, tributary ICS is 

used before imported ICS. 
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2.4.2 Lee Ferry Deficit 
Logic has been implemented such that when the monthly, 10-year moving aggregate flow 
volume at Lee Ferry falls below 75 maf, water is injected into the system just above Lake 
Powell, and then released from Lake Powell during the same month. The magnitude of the 
injection and subsequent release is computed to bring the 10-year total volume at Lee Ferry to 75 
maf.  The injected water is reported as Lee Ferry deficit3 throughout the Study.  When water is 
assumed to be supplied to the system in this manner, the uncertainty regarding metric results 
increases, particularly in the Upper Basin. However, due to the infrequent occurrence of a Lee 
Ferry deficit across all traces, these results are not disregarded. This uncertainty, however, 
should be considered carefully when viewing metric results, particularly in the Upper Basin, that 
have been impacted by this modeling assumption. 

2.4.3 Deliveries to Mexico 
For modeling purposes, future water deliveries to Mexico are made as follows: 

1. The model accounts for the entire delivery to Mexico at the Northerly International 
Boundary (NIB). 

2. Water deliveries to Mexico are pursuant to the provisions of the 1944 Treaty. This 
provides annual deliveries of 1.5 maf to Mexico and up to 1.7 maf during Lake Mead 
flood control release conditions. 

3. For modeling purposes it is assumed that during Shortage Conditions, Mexico shares 
shortage in proportion to U.S. users in the Lower Basin (16.67 percent). This assumption 
is consistent with that used in the modeling supporting 2007 Interim Guidelines Final EIS 
(Reclamation, 2007)4. 

4. Neither Minute No. 318 (through 2013) nor Minute No. 319 (through 2017) were 
modeled in the Study due to their limited duration. 

2.4.4 Warren H. Brock Reservoir 
Brock reservoir is assumed to operate every year beginning in 2012 and is assumed to conserve 
approximately 90 percent of non-storable flows. This reduces the average annual volume of non-
storable flows delivered to Mexico from 73 kafy (historical average from 1964 through 2010, 
excluding flood years on the Gila or flood control releases) to 7 kafy. 

2.4.5 Welton-Mohawk Return Flows 
Bypass of return flows from the Welton-Mohawk Irrigation and Drainage District to the Cienega 
de Santa Clara in Mexico is assumed to be 109 kafy (historical average from 1990 through 2010) 
and is not counted as part of the 1944 Treaty delivery to Mexico. 

                                                      
3 Article III(d) of the Colorado River Compact stipulates that the Upper Division States will not cause the flow of the river at the Lee Ferry 

Compact Point to be depleted below an aggregate of 75 maf for any period of 10 consecutive years. For the purpose of the Study, a Lee Ferry 
deficit is defined as the difference between 75 maf and the 10-year total flow arriving at Lee Ferry. 

4 Allocation of Colorado River water to Mexico is governed by the 1944 Treaty. Reclamation’s modeling assumptions are not intended to 
constitute an interpretation or application of the 1944 Treaty or to represent current United States policy or a determination of future United 
States policy regarding deliveries to Mexico. 
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2.4.6 Yuma Desalting Plant 
The YDP is not assumed to operate during the Study period. 

2.5 Control Run 
The control run helps understand current variability of the system and model bias, which informs 
the development of several indicator metrics (see appendix G3).  Demands were held constant 
for the entire modeling horizon at the 2015, current projected levels for the control run, and the 
equalization line is held constant at the 2015 level.  The conditions were simulated for the 
49-year period using the Observed Resampled supply scenario. 

3.0 System Reliability with Options and Strategies 
Modeling Assumptions 

3.1 Modeling Representative Options 
Each characterized option (see Technical Report F – Development of Options and Strategies) 
that was contained within one of the portfolios was implemented in CRSS.  The following 
sections describe how each representative option was implemented in CRSS and any 
assumptions that were made in the implementation.  In some instances, multiple representative 
options are modeled identically, with only magnitudes varying—this is noted where applicable.   

When options introduce new water into the system, e.g., desalination projects, assumptions were 
necessary to determine how this water would be used.  For example, in the Lower Basin the 
water could be used to benefit the system, i.e., improve reservoir elevations and help meet 
demands within basic apportionment.  Conversely, the new water could be used to meet the 
demand above the Lower Division States’ basic apportionments.  Ultimately, a hybrid approach 
was used.  In the hybrid approach, new water goes towards meeting the demands above the 
Lower Division States’ basic apportionments and offsetting shortages when Lake Mead elevation 
is greater than 1,050 feet above msl.  Once Lake Mead elevations drop below 1,050 feet above 
msl, the water is assumed to go to the system until the next time Lake Mead is at or above 
elevation 1,050 feet above msl.  The determination of whether the new water goes towards 
meeting demands above the Lower Division States’ basic apportionments or to the system is an 
annual decision made in January based on the end of the previous year’s Lake Mead elevation.  
Appendix G3 includes a sensitivity analysis which tested several elevations for determining 
whether the options’ yield goes towards the system or demands above the Lower Division States’ 
basic apportionment.  Each option in which this approach is used is noted in the following 
sections. 

3.1.1 Importations to the Front Range 
Importations to the Front Range are modeled as a reduction in diversions by Front Range exports 
and the San Juan Chama Project (SJCP) export.  The total project amount is split between the 
Front Range exports and the SJCP by computing the amount going to SJCP and assuming the 
remainder goes to the Front Range.  SJCP’s portion of the project is computed as the minimum 
of one-quarter of the total amount and the current year’s SJCP demand.  The reduction in the 
SJCP goes to demands above apportionment, in New Mexico, when they exist; otherwise, the 
reduction in SJCP’s diversion becomes system water.  
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3.1.2 Southern California Desalination Options 
Both the Pacific Ocean desalination and the Southern California groundwater desalination 
options are modeled as reductions in deliveries to MWD.  For these options, it was assumed that 
MWD would reduce its diversions from the Colorado River to a minimum diversion of 450 kafy 
so that others could benefit from Southern California desalination options via an exchange with 
Colorado River water.  The Pacific Ocean and the Southern California groundwater desalination 
options help meet the demands above the Lower Division States’ basic apportionments when 
Lake Mead is greater than 1,050 feet msl; otherwise they go towards a system benefit. 

3.1.3 Gulf of California Ocean Desalination 
The Gulf of California (Gulf) ocean desalination option is modeled as an injection of water into 
the system above Imperial Dam.  The injected water was assumed to have a salinity 
concentration of 750 milligrams per liter (mg/L).  The Gulf of California ocean desalination 
helps meet the demands above the Lower Division States’ basic apportionments when Lake 
Mead is greater than 1,050 feet msl; otherwise it goes towards a system benefit. 

3.1.4 Yuma Brackish Water Desalination 
The Yuma brackish water desalination option is modeled as an injection of water into the system 
below Imperial Dam. The Yuma brackish water desalination helps meet the demands above the 
Lower Division States’ basic apportionments when Lake Mead is greater than 1,050 feet msl; 
otherwise it goes towards a system benefit. 

3.1.5 Coal Bed Methane-produced Water 
Although coal bed methane-produced water would be distributed over large areas in reality, it is 
modeled as a point injection at four locations in the Upper Basin.  Table G2-3 lists the locations 
and the percent of the total project water that is injected at each location.  The percentages were 
computed using the characterization of this option found in Appendix F6.  All injections are 
assumed to have a salinity concentration of 250 mg/L and the injected water becomes system 
water. 

TABLE G2-3 
Coal Bed Methane-Produced Water Injection Locations 

Injection Location in CRSS Percent of Total 

San Juan River Below Navajo Reservoir 57 

White River above Watson, Utah 2.7 

Green River above Green River, Utah 28 

Green River at Green River, Wyoming 12.3 

3.1.6 Tamarisk Control 
Tamarisk control in the Upper Basin is modeled as an injection of water just above Lake Powell.  
For modeling purposes, the injected water is assumed to have a salinity concentration of 0 mg/L 
and is considered system water. 
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Tamarisk control on the Lower Colorado River mainstem is modeled as a reduction in demand of 
existing phreatophyte nodes.  The assumed savings from tamarisk control are proportionally 
distributed to the three demand objects.  

3.1.7 Conversion of Power Plants to Air Cooling 
The characterization of the conversion of power plants to air cooling estimated 160 kaf of yield 
potential (appendix F10).  This option is modeled as an 89.5-percent reduction in demand of 
several Upper Basin energy users.  The percentage reduction was computed to yield a savings of 
approximately 160 kaf in 2015, although this same percentage is applied for every year the 
option is used.  

3.1.8 M&I Conservation 
M&I conservation is modeled as a proportional reduction in the consumptive demand of M&I 
users Basin-wide.  This proportional application results in roughly 25 percent of each phase of 
conservation being applied to Upper Basin M&I users while the remaining 75 percent is applied 
to Lower Basin M&I users. Appendix F8 describes how the conservation amounts were 
quantified, including how and why they vary amongst demand scenarios.  In the appendix, three 
levels of conservation are identified.  For modeling purposes, these levels were further split into 
five phases, so that the effects of conservation could be more widely distributed through time and 
so the phases equate to roughly 200-kaf steps for consistency with other projects.  Table G2-4 
lists the five phases of M&I conservation by demand scenario. In the Lower Basin, it was 
assumed that M&I conservation be used to first meet demand above the Lower Division States’ 
basic apportionment. 

TABLE G2-4 
M&I Conservation Quantities and Timing by Modeling Phase  

Conservation 
Level 

Modeling 
Phase 

Year 
Available 

Conservation Magnitudes (kaf) 

Current 
Projected 

(A) 

Slow 
Growth 

(B) 

Rapid 
Growth 

(C1) 

Rapid 
Growth 

(C2) 

Enhanced 
Environment 

(D1) 

Enhanced 
Environment 

(D2) 

1 1 2016 200 200 200 50 50 50 

2 2 2021 200 150 250 200 100 150 

3 2031 200 150 250 200 100 150 

3 4 2041 200 200 275 250 200 275 

5 2051 200 200 275 250 200 275 

Total Conservation 1,000 900 1,250 950 650 900 

 

3.1.9 M&I Reuse Options 
Municipal Wastewater Reuse 
Municipal wastewater reuse is modeled as a reduction in diversion of the M&I exports in 
California, Arizona, New Mexico, Colorado, Wyoming, and Utah.  The municipal wastewater 
reuse consists of both non-potable and indirect potable reuse (see appendix F5 for more 
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information).  Table G2-5 lists the reuse amounts by state and 200-kaf phase (fifth phase is only 
132 kaf).  Phase 1 is solely composed of non-potable reuse, and phases 3 through 5 are only 
indirect potable reuse.  Phase 2 consists of the remaining available yield of non-potable reuse and 
enough indirect potable reuse in California and Arizona to bring the entire phase to 200 kaf.   

In the Lower Basin, it was assumed that municipal reuse be used to first meet demand above the 
Lower Division States’ basic apportionment.  When reuse is combined with the M&I 
conservation option in portfolios the following assumption is made: if enough conservation takes 
place, then M&I reuse can indeed reduce the diversions from the Colorado River.  Municipal 
reuse in California is modeled by reducing MWD’s diversion from the Colorado River; MWD 
cannot reduce its Colorado River diversion below 450 kafy, which constrains the benefit to 
California.  When MWD’s diversion cannot be reduced further, the municipal wastewater reuse 
option is still implemented in the other states because it is applied to all states at once. 

TABLE G2-5 
Municipal Wastewater Reuse by State  

Phase 

Amount of Reuse (af) 

California Arizona Colorado Utah 
New 

Mexico Wyoming 

1 109,200 45,500 27,600 11,100 5,500 1,100 

2 115,300 48,000 22,400 8,900 4,500 900 

3 141,000 59,000 0 0 0 0 

4 141,000 59,000 0 0 0 0 

5 93,500 38,500 0 0 0 0 

 
Industrial Wastewater Reuse 
Industrial wastewater reuse is modeled as a reduction in M&I demand for users with self-served 
industrial (SSI) demand in Colorado, Arizona, California, and Nevada.  In Arizona, industrial 
demands exist in both the Central Arizona and the Mainstem planning areas.  Rather than 
distributing a small savings to every M&I user in the Mainstem planning area, it was assumed 
that the reduction in demand occurred at the City of Yuma demand node.  The total estimated 
demand reductions from industrial wastewater reuse were distributed between Colorado, 
Arizona, California, and Nevada as 26, 56, 15, and 3 percent of the total savings, respectively.  
The percentages were computed from the average SSI demand in each state among all demand 
scenarios.  Within each state, the reduction in demand is proportionally distributed to all SSI 
users.   

3.1.10 Grey Water Recycling 
Grey water recycling is modeled by reducing M&I demands for the same users as municipal 
wastewater reuse.  The total quantified yield from grey water recycling is proportionally 
distributed to the identified M&I exports. 
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3.2 Agricultural Conservation 
Agricultural conservation is modeled as a proportional reduction in agricultural demands Basin-
wide.  This proportional application results in roughly 40 percent of each phase of conservation 
being applied to Upper Basin agricultural users while the remaining 60 percent is applied to 
Lower Basin agricultural users.  Five phases of agricultural conservation exist, with savings of 
200 kaf at each phase.  Phase 1 is available in 2016, phase 2 in 2021, and phases 3 through in 
2026.   

3.3 Watershed Management 
The dust control and weather modification options were modeled as percent increases in April 
through July natural flow at applicable natural flow nodes.  Only April through July were 
selected because both programs focus on increasing runoff from snow pack.  These options are 
modeled as percent increases instead of static values to help capture some of the uncertainty in 
these programs in the model.  Additionally, weather modification will likely result in higher 
yields in years that already have above average snow pack; modeling the additional water as a 
percentage helps capture this characteristic as well.  The percent increases were computed to 
result in the assumed yield from the options characterization when applied to the 1908–2008 
average April through July natural flow at the applicable natural flow nodes.  Table G2-6 lists 
the assumed percent increases for each phase of weather modification and dust mitigation.   

Weather modification percent increases are applied to the following natural flow nodes: 
Colorado at Glenwood Springs, Colorado; Colorado at Cameo, Colorado; Taylor above Taylor 
Park, Colorado; Gunnison at Blue Mesa, Colorado; Gunnison at Grand Junction, Colorado; 
Dolores at Cisco, Utah; Green above Fontenelle, Wyoming; Green at Green River, Wyoming; 
Green at Greendale, Utah; Yampa at Maybell, Colorado; Little Snake near Lily, Colorado; 
Duchesne at Randlett, Utah; White near Watson, Utah; San Rafael near Green River, Utah; San 
Juan at Archuletta, New Mexico; and San Juan at Bluff, Utah.  Dust control percent increases are 
applied to the following natural flow nodes: Colorado at Cameo, Colorado; Taylor above Taylor 
Park, Colorado; Gunnison at Blue Mesa, Colorado; Gunnison at Grand Junction, Colorado; 
Dolores at Cisco, Utah; San Juan at Archuleta, New Mexico; and San Juan at Bluff, Utah.   

The natural salt loads will increase at the affected locations by assuming that the salinity 
concentration does not change due to weather modification or dust control.  These options are 
assumed to be implemented for system benefit. 

TABLE G2-6 
Watershed Management Options with the Percent Increases to Natural Flow  

Representative Option 
Percent Increase in 

Natural Flow 

Watershed-Weather Modification (step 1) 1.02 

Watershed-Weather Modification (step 2) 2.03 

Watershed-Dust (step 1) 6.12 

Watershed-Dust (step 2) 2.62 
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3.4 Upper Basin Banking 
This option created an Upper Basin water bank designed to help reduce the magnitude of a Lee 
Ferry deficit. In conjunction with the water bank, various conservation (M&I, agricultural, and 
energy) efforts across the Upper Basin would be coordinated for the purpose of yielding water to 
store in the bank. In order to ensure the conserved water is credited to the bank entirely, the 
water is routed to the designated storage facility, i.e., downstream users are not allowed to use 
water generated through upstream conservation. For modeling purposes it was assumed that a 
program could be in place by 2019, which is two years before the earliest occurrence of a Lee 
Ferry deficit under any supply/demand scenario combination.  The following sections describe 
the modeling assumptions developed for the purposes of including the banking option in the 
Study.  The provided modeling assumptions were based on the option submission and were 
further developed through the Modeling Sub-Team. 

3.4.1 Bank Details and Administration  
The Upper Basin Bank was assumed to be stored in a conceptual off-stream storage location just 
upstream of Lake Powell.  The bank was constrained to a 5-maf storage capacity, and a 3 percent 
tax was applied to the bank’s storage at the end of each year to account for various losses from 
seepage, transmission, etc. 

Regarding the administration of water accumulated in the bank, when the 10-year Lee Ferry flow 
was less than 75 maf, banked water was released from the off-stream storage facility and passed 
through Lake Powell in order to ensure a 10-year flow of 75 maf at Lee Ferry.  This 
supplementation continued until the 10-year volume was at or greater than 75 maf without 
supplementation from the bank or the bank was fully depleted.  If the bank was fully depleted 
and the 10-year volume was still less than 75 maf, then water was injected upstream of Powell 
and reported as Lee Ferry deficit consistent with the Baseline modeling discussed earlier.   

3.4.2 Generation of Water for the Bank 
A two-tiered approach was assumed to generate water for use in the bank in order to 1) make 
annual contributions aimed at growing the balance over time under Tier 1 and 2) yielding 
additional water for the bank as the 10-year flow at Lee Ferry approaches 75 maf under Tier 2. 
The generated water was assumed to be from a combination of M&I, agricultural, and energy 
water conservation. From the quantification of conservation options independent of this specific 
option, there is the Basin-wide potential for approximately 1 mafy of conservation each in the 
agricultural and M&I sectors by 2060. A discussion of methods applied to determine the 
maximum values of conservation are provided in the agriculture and M&I conservation 
characterization documentation (see Technical Report F – Development of Options and 
Strategies). When benefits of such efforts are assumed to be distributed geographically in 
proportion to water use for those sectors, there is Upper Basin potential for approximately 
250 kafy of M&I conservation and 400 kafy of agricultural conservation by 2060 under the 
current projected demand scenario.  Additionally, according to the option characterization, there 
is at least 160 kafy of water conservation potential in the energy sector by 2060 within the Upper 
Basin.  

As stated earlier, Tier 1 conservation aimed to build a balance in the bank over time via annual 
contributions. To accomplish this, conservation efforts to benefit the bank increased from the 
implementation date, reaching an annual yield of approximately 400 kaf by 2060.  Contributions 
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to the bank increased in five steps consistent with the five different phases of M&I conservation, 
previously discussed. The first increment of M&I conservation begins in 2016, though it is not 
routed to the bank until 2019.  In 2021, the second increment of M&I conservation, and the 
energy conservation options are implemented and routed to the bank.  Increments three through 
five use the remaining phases of M&I conservation, and begin in 2031, 2041, and 2051, 
respectively, totaling approximately 400 kaf in 2060 under the current projected demand 
scenario.  With banking, M&I conservation was assumed to always be in effect in the Upper 
Basin. Tier 2 conservation aimed to produce additional water for the bank when conditions 
indicated a Lee Ferry deficit was likely to occur in the short term.  Specifically, when the Lee 
Ferry deficit signpost occurred, Tier 2 conservation was triggered.  Agricultural conservation, 
including short-term fallowing, was used for the purpose of Tier 2 water generation.  When Tier 
2 conservation was necessary, the maximum available agricultural conservation yields were used 
to generate water for the bank.  Given this logic, the maximum annual bank contribution was the 
combination of Tiers 1 and 2 in 2060, amounting to just over 800 kafy. Once the Lee Ferry 
deficit signpost was no longer active, Tier 2 is turned off and contributions from Tier 1 continue 
according to schedule.  Once the bank’s capacity is reached, Tier 1 conservation measures 
continue; however, the water is no longer routed to the bank—it simply becomes system water.  
A further discussion of how the banking option behaves in the dynamic portfolio framework is 
included in a later section. 

3.4.3 Routing of Water 
As water was generated for the purpose of benefitting the bank, it was routed to the conceptual 
off-stream storage location above Lake Powell. Conservation under this option was not for the 
purpose of meeting downstream shortages or unmet demands within the Upper Basin.  To ensure 
that the water reached Lake Powell and was credited to the bank, logic and rules were built into 
CRSS to prevent users from diverting and using the conservation yield. 

4.0 Modeling Dynamic Portfolios 
The final phase of the study evaluates system reliability with options and strategies.  In this 
phase, multiple options were combined together (portfolio) to collectively help address system 
vulnerabilities.  A static set of options were selected and multiple dynamic portfolios were used 
to select options.  In the static portfolio, 36 options were modeled together.  Under the static 
portfolio, it was assumed that each option ‘turned on’ in the first year that it was available as 
defined by the options characterization (Technical Report F).   

Dynamic portfolios were used to select options to preemptively address water delivery 
vulnerabilities while attempting to prevent over-investment.  In order to address the 
vulnerabilities before they occurred, system conditions are monitored within CRSS and are 
described as signposts in the Study (appendix G3 describes the development of signposts).  
When a signpost is observed, e.g., Lake Powell falls below some elevation, then an option is 
turned on to prevent a future vulnerability from occurring.  Logic was added to CRSS to react to 
the signposts and select options from a particular portfolio.  A priority list of options, i.e., the 
portfolio, and a list of which vulnerabilities are addressed by each option was necessary model 
input.  Tables G2-7 through G2-10 present the model input used for each of the four portfolios.  
In several portfolios, certain options are assumed to be implemented in all traces rather than 
reacting to system conditions.  These options are effectively removed from the portfolio list and 
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are statically turned on through other logic in CRSS.  Table G2-11 lists which vulnerabilities are 
addressed by each option.  From this input, once a signpost or an actual vulnerability occurs, 
CRSS selects the first option that is (1) available and (2) addresses the particular vulnerability in 
accordance with the following logic: 

• In a single year, no more than four options total may be implemented Basin-wide. This aims 
to reduce over-investment while ensuring that enough options could be implemented to 
address all vulnerabilities in a single year. 

• In a single year, additional options are implemented to address the same vulnerability until 
their total yield equals or exceeds 100 kafy, subject to the limitation described in (1).   

• If multiple signposts are triggered in the same year, an option is implemented for the first 
vulnerability. If the selected option(s) do not address the other vulnerabilities, additional 
options are implemented until all vulnerabilities are addressed, subject to the limitation in 
(1). 

TABLE G2-7 
CRSS Input for Portfolio A1  

Representative Option Cost ($/af)2 Earliest Year Available Magnitude (kaf) 

Watershed-Weather Mod 1 30 2016 100 

Watershed-Weather Mod 2 35 2021 200 

Watershed-Dust 1 220 2026 280 

Ag Conservation-Transfer 1 250 2016 200 

Ag Conservation-Transfer 2 400 2021 200 

Watershed-Tamarisk 400 2023 30 

Ag Conservation-Transfer 3 500 2026 200 

M & I Conservation 13 500 2016 200 

Watershed-Dust 2 520 2036 120 

Ag Conservation-Transfer 4 600 2026 200 

Desal-Yuma Area Groundwater 600 2021 100 

M & I Conservation 23 700 2021 200 

Ag Conservation-Transfer 5 750 2026 200 

Desal-SoCal Groundwater 750 2021 20 

M & I Conservation 33 750 2031 200 

M & I Conservation 43 900 2041 200 

M & I Conservation 53 900 2051 200 

Desal-Salton Sea Drainwater 1 1,000 2026 200 

Desal-Salton Sea Drainwater 2 1,150 2031 200 

Desal-Salton Sea Drainwater 3 1,300 2036 100 
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TABLE G2-7 
CRSS Input for Portfolio A1  

Representative Option Cost ($/af)2 Earliest Year Available Magnitude (kaf) 

Desal-Pacific Ocean-Mexico 1,500 2026 56 

Reuse-Municipal 1 1,500 2021 200 

Reuse-Municipal 2 1,600 2031 200 

Import-Front Range-Missouri 1,700 2041 600 

Reuse-Municipal 3 1,800 2036 200 

Reuse-Municipal 4 1,800 2041 200 

Reuse-Municipal 5 1,800 2046 132 

Desal-Pacific Ocean-CA 1 1,850 2031 200 

Desal-Pacific Ocean-CA 2 1,850 2036 200 

Energy Water Use Efficiency-Air Cooling4 2,000 2021 160 

Local-Coalbed Methane 2,000 2021 100 

Reuse-Industrial 2,000 2021 40 

Desal-Gulf1 2,100 2028 200 

Desal-Gulf2 2,100 2033 200 

Local-Rain 3,150 2016 75 

Reuse-Grey Water 4,200 2021 178 
1 This portfolio also includes the Upper Basin banking option. 
2 Cost is not input into CRSS; however, it is included in this table for clarity because it is the basis for the priority 

sorting of options. 
3 M&I conservation options are assumed to be on in the Upper Basin in all traces starting in the earliest year 

available, regardless of system conditions.  The conserved amount is typically routed to the bank.  M&I conservation 
in the Lower Basin is still turned on in response to system conditions; therefore, only the Lake Mead pool elevation, 
Lower Basin shortage, and Lower Basin demand above apportionment vulnerabilities will trigger M&I conservation. 

4 Energy Water Use Efficiency-Air Cooling is assumed to be on in all traces starting in the earliest year available, 
regardless of system conditions and is typically routed to the bank. Therefore this option is removed from the priority 
option list before loading into CRSS and is turned on through other logic in CRSS. 
Ag – agricultural 
Desal – desalination 
SoCal –Southern California 
Weather Mod - weather modification 
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TABLE G2-8 
CRSS Input for Portfolio B 

Representative Option Cost ($/af)1 Earliest Year Available Magnitude (kaf) 

Watershed-Weather Mod 12 30 2016 100 

Watershed-Weather Mod 22 35 2021 200 

Ag Conservation-Transfer 12 250 2016 200 

Ag Conservation-Transfer 2 400 2021 200 

Ag Conservation-Transfer 3 500 2026 200 

M & I Conservation 1 500 2016 200 

Ag Conservation-Transfer 4 600 2026 200 

Desal-Yuma Area Groundwater 600 2021 100 

M & I Conservation 2 700 2021 200 

Ag Conservation-Transfer 5 750 2026 200 

Desal-SoCal Groundwater 750 2021 20 

M & I Conservation 3 750 2031 200 

M & I Conservation 4 900 2041 200 

M & I Conservation 5 900 2051 200 

Desal-Salton Sea Drainwater 1 1,000 2026 200 

Desal-Salton Sea Drainwater 2 1,150 2031 200 

Desal-Salton Sea Drainwater 3 1,300 2036 100 

Desal-Pacific Ocean-Mexico 1,500 2026 56 

Reuse-Municipal 1 1,500 2021 200 

Reuse-Municipal 2 1,600 2031 200 

Import-Front Range-Missouri 1,700 2041 600 

Reuse-Municipal 3 1,800 2036 200 

Reuse-Municipal 4 1,800 2041 200 

Reuse-Municipal 5 1,800 2046 132 

Desal-Pacific Ocean-CA 1 1,850 2031 200 

Desal-Pacific Ocean-CA 2 1,850 2036 200 

Energy Water Use Efficiency-Air Cooling 2,000 2021 160 

Local-Coal Bed Methane 2,000 2021 100 

Reuse-Industrial 2,000 2021 40 

Desal-Gulf 1 2,100 2028 200 

Desal-Gulf 2 2,100 2033 200 
1 Cost is not input into CRSS, however, it is included in this table for clarity because it is the basis for the priority 

sorting of options. 
2 These options are assumed to be on in all traces regardless of system conditions and are not implemented in 

response to signposts.  Therefore these options are removed from the priority option list before loading into CRSS 
and are turned on through other logic in CRSS. 
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TABLE G2-9 
CRSS Input for Portfolio C1  

Representative Option Cost ($/af)2 Earliest Year Available Magnitude (kaf) 
Watershed-Weather Mod 1 30 2016 100 

Watershed-Weather Mod 2 35 2021 200 

Watershed-Dust 1 220 2026 280 

Ag Conservation-Transfer 1 250 2016 200 

Ag Conservation-Transfer 2 400 2021 200 

Watershed-Tamarisk 400 2023 30 

Ag Conservation-Transfer 3 500 2026 200 

M & I Conservation 13 500 2016 200 

Watershed-Dust 2 520 2036 120 

Ag Conservation-Transfer 4 600 2026 200 

Desal-Yuma Area Groundwater 600 2021 100 

M & I Conservation 24 700 2021 200 

Ag Conservation-Transfer 5 750 2026 200 

Desal-SoCal Groundwater 750 2021 20 

M & I Conservation 34 750 2031 200 

M & I Conservation 44 900 2041 200 

M & I Conservation 54 900 2051 200 

Desal-Salton Sea Drainwater 1 1,000 2026 200 

Desal-Salton Sea Drainwater 2 1,150 2031 200 

Desal-Salton Sea Drainwater 3 1,300 2036 100 

Reuse-Municipal 1 1,500 2021 200 

Reuse-Municipal 2 1,600 2031 200 

Reuse-Municipal 3 1,800 2036 200 

Reuse-Municipal 4 1,800 2041 200 

Reuse-Municipal 5 1,800 2046 132 

Energy Water Use Efficiency-Air Cooling5 2,000 2021 160 

Reuse-Industrial 2,000 2021 40 

Local-Rainwater Harvesting 3,150 2016 75 

Reuse-Grey Water 4,200 2021 178 
1 This portfolio also includes the Upper Basin banking option. 
2 Cost is not input into CRSS; however, it is included in this table for clarity because it is the basis for the priority 

sorting of options. 
3 M&I conservation step 1 is assumed to be on in all traces, Basin-wide, regardless of system conditions.  In the 

Upper Basin, the conserved amount is typically routed to the bank. Therefore this option is removed from the priority 
option list before loading into CRSS and is turned on through other logic in CRSS. 

4 The remaining M&I conservation options are assumed to be on in the Upper Basin in all traces starting in the 
earliest year available, regardless of system conditions, and the conserved amount is typically routed to the bank.  
M&I conservation in the Lower Basin is still turned on in response to system conditions; therefore, only the Lake 
Mead pool elevation, Lower Basin shortage, and Lower Basin demand above apportionment vulnerabilities will 
trigger M&I conservation. 

5 Energy Water Use Efficiency-Air Cooling is assumed to be on in all traces starting in the earliest year available 
regardless of system conditions and is typically routed to the bank. Therefore this option is removed from the priority 
option list before loading into CRSS and is turned on through other logic in CRSS. 
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TABLE G2-10 
CRSS Input for Portfolio D 

Representative Option Cost ($/af)1 Earliest Year Available Magnitude (kaf) 

Watershed-Weather Mod 1 30 2016 100 

Watershed-Weather Mod 2 35 2021 200 

Ag Conservation-Transfer 1 250 2016 200 

Ag Conservation-Transfer 2 400 2021 200 

Ag Conservation-Transfer 3 500 2026 200 

M & I Conservation 1 500 2016 200 

Ag Conservation-Transfer 4 600 2026 200 

Desal-Yuma Area Groundwater 600 2021 100 

M & I Conservation 2 700 2021 200 

Ag Conservation-Transfer 5 750 2026 200 

Desal-SoCal Groundwater 750 2021 20 

M & I Conservation 3 750 2031 200 

M & I Conservation 4 900 2041 200 

M & I Conservation 5 900 2051 200 

Desal-Salton Sea Drainwater 1 1,000 2026 200 

Desal-Salton Sea Drainwater 2 1,150 2031 200 

Desal-Salton Sea Drainwater 3 1,300 2036 100 

Reuse-Municipal 1 1,500 2021 200 

Reuse-Municipal 2 1,600 2031 200 

Reuse-Municipal 3 1,800 2036 200 

Reuse-Municipal 4 1,800 2041 200 

Reuse-Municipal 5 1,800 2046 132 

Energy Water Use Efficiency-Air Cooling 2,000 2021 160 

Reuse-Industrial 2,000 2021 40 
1 Cost is not input into CRSS; however, it is included in this table for clarity because it is the basis for the priority 

sorting of options. 
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TABLE G2-11 
Options that Address Different Vulnerabilities 

Representative Option 
Year 

Available 

Vulnerability Addressed by Representative Option 
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Ag Conservation 2016 X X X X X X 

M & I Conservation  2016 X1 X1 X X X X 

Local-Rainwater Collection 2016 X X X X X X 

Reuse-Grey Water 2021 X X X X X X 

Reuse-Industrial 2021 X X X X X X 

Reuse-Municipal Step 1-2 2021 X X X X X X 

Reuse-Municipal Step 3-5 2036 

  

X X X X 

Desal-Gulf 2028 

  

X X X X 

Desal-Pacific Ocean 2031 

  

X X X X 

Desal-Pacific Ocean-MX 2026 

  

X X X X 

Desal-Tribs  2026 

  

X X X X 

Desal-SoCal groundwater 2021 

  

X X X X 

Desal-Yuma 2021 

  

X X X X 

Import-Front Range-Missouri 2041 X X X X X 

 Energy Conservation 2021 X X 

    Watershed-Dust Management 2026 X X 

    Watershed-Tamarisk 2023 

 

X X X X 

 Watershed-Weather Mod 2016 X X 

    Local-Coalbed Methane 2021 X X 

    1 For Portfolios A and C, only Lower Basin M&I conservation steps are implemented based on signposts.  Therefore, 
the M&I conservation options under these scenarios do not address the Upper Basin shortage and Lee Ferry deficit 
vulnerabilities.   
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Options are selected at the beginning of each year based on system conditions at the end of the 
previous year.  When the Upper Basin Banking option is not part of the portfolio, all options are 
brought online Basin-wide. For example, conservation is applied Basin-wide, and once an option 
is selected, it is assumed to be on for the remainder of the simulation.   

When a portfolio includes banking, there are several exceptions to these rules.  The Upper Basin 
Banking option assumes that M&I conservation is always on in order to generate water for the 
bank.  Because the bank is only applied in the Upper Basin, the Lower Basin M&I conservation 
portion is split out as a separate option and selected based on signposts monitoring Lower Basin 
water delivery vulnerabilities.   Furthermore, while M&I conservation in the Upper Basin is 
always in place, the conserved water does not always go to the bank.  Once the bank is at its 
capacity of 5 maf, the water yielded from M&I conservation is assumed to be system water for 
the given year.  Once the bank is significantly below its capacity, the water is again routed to the 
bank.  Analogous logic is applied to energy conservation when banking is used, although it is 
less nuanced because there is no energy conservation option in the Lower Basin.  

Additionally, agricultural fallowing supplies water to the bank during Tier 2 operations, which 
can be turned on and off as necessary.  When banking is in place, agricultural fallowing can still 
be turned on Basin-wide if necessitated by a signpost.  If any phases of agricultural fallowing are 
already on when Tier 2 banking is needed, then the Upper Basin portion of the fallowing options 
switch from system benefit to targeted benefit, i.e., it is routed to the bank.  Conversely, if any 
agricultural fallowing phases are not currently on, but are available when Tier 2 banking is 
needed, then they are turned on, at the maximum yield potential for the current year, for the 
Upper Basin only and the conservation yield is routed to the bank.  In this case, agricultural 
fallowing phases in the Upper Basin are turned off once Tier 2 banking is no longer necessary.  
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Appendix G3 — Additional Methodology and 
Results  

1.0 Introduction 
This appendix provides additional methodology discussion and results related to the system 
reliability analysis presented in Technical Report G – System Reliability Analysis and Evaluation 
of Options and Strategies. The appendix structure largely follows that of Technical Report G . A 
complete suite of system response variable results is provided, indicator metrics and 
vulnerability are further explored, and definitions and associated vulnerability thresholds are 
detailed, followed by a full set of indicator metric vulnerability figures without options and 
strategies. Also pertaining to vulnerability, a discussion of additional vulnerable condition 
methodology is presented that includes an example, and vulnerable condition results for all water 
supply indicator metrics are provided. This appendix supplements the methods and results for 
system reliability presented in the main report with options and strategies. Therein, modeling 
assumptions are discussed, including signpost selection methods. Following that, results with 
options and strategies for all system response variables and indictor metric vulnerable conditions 
are provided.  

2.0 Evaluation of System Reliability without Options and 
Strategies 

2.1 System Response Variables 
System response variables describe Colorado River Basin (Basin) conditions for the various 
scenarios. These are primarily direct model trace results such as pool elevations, hydropower 
generation, or flow. This output provides a gross estimate of possible future trends and 
operational ranges for major Basin components. System response variables (listed in table G-1 of 
the main report) are a first step in investigating system performance under plausible future 
conditions; however, they are not tailored to assess specific Basin resources and may lack a 
frame of reference for readers seeking to review a particular Basin resource. 

Colorado River Simulation System (CRSS) simulations provide thousands of trace results used 
to estimate the system reliability across scenarios without options and strategies revealing a wide 
range of outcomes. This section presents either magnitude and percent of traces with occurrence 
or statistics that specify the level that a particular percentage of results has not exceeded. For 
example, the 10th percentile results for flows at a particular location for a specific year would be 
the level of flow not exceeded by 10 percent of the traces. Similarly, the 50th percentile, or 
median, is the level of flow not exceeded by 50 percent of the traces. The median value should 
not be interpreted as an average or most likely outcome, but as the central tendency of the 
distribution of these results. 

These variables are presented for each supply and demand scenario and either of two 
assumptions regarding Lakes Powell and Mead operations beyond 2026 to explore differences. 
Figures G3-1 to G3-7, G3-9 to G3-15, and G3-17 show time series of 10th, 50th and 90th 
percentiles for the following types of system response variables: river flow, reservoir storage, 
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reservoir release, reservoir pool elevation, shortage, surplus, and energy production. In addition, 
figures G3-8, G3-16, and G3-18 use cumulative distribution functions to further explore energy 
production results.Select scenarios are highlighted for reference. 

 
FIGURE G3-1 
10th, 50th, 90th Percentiles for Annual Flow of Green River at Green River, Utah, by Scenario, Without Options and Strategies 
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FIGURE G3-2 
10th, 50th, 90th Percentiles for Annual Flow of Colorado River near Cisco, Utah, by Scenario, Without Options and Strategies 
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FIGURE G3-3 
10th, 50th, 90th Percentiles for Annual Flow of San Juan River near Bluff, Utah, by Scenario, Without Options and Strategies 
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FIGURE G3-4 
10th, 50th, 90th Percentiles for Total Storage Above Lake Powell by Scenario, Without Options and Strategies 
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FIGURE G3-5 
10th, 50th, 90th Percentiles for Upper Basin Annual Shortage by Scenario, Without Options and Strategies 
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FIGURE G3-6 
10th, 50th, 90th Percentiles for Lake Powell Pool Elevation by Scenario, Without Options and Strategies 
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FIGURE G3-7 
10th, 50th, 90th Percentiles for Total Upper Basin Energy Production by Scenario, Without Options and Strategies 

 
terawatt hour (tWh)     
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FIGURE G3-8 
Cumulative Density Function for Total Upper Basin Energy Production by Scenario, Without Options and Strategies 
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FIGURE G3-9 
10th, 50th, 90th percentiles for Lake Powell Water Year Release by Scenario, Without Options and Strategies 
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FIGURE G3-10 
Percent Traces and 10th, 50th, and 90th Percentiles for Lee Ferry Deficit by Scenario, Without Options and Strategies 
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FIGURE G3-11 
10th, 50th, 90th Percentiles for Lake Mead Pool Elevation by Scenario, Without Options and Strategies 

 
  



Appendix G3 — Additional 
Methodology and Results 

 
 

December 2012 G3-13 

FIGURE G3-12 
Percent Traces and 10th, 50th, and 90th Percentiles for Lower Basin Annual Total Shortage (including remaining demands 
above Lower Division States’ basic apportionments) by Scenario, Without Options and Strategies 
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FIGURE G3-13 
Percent Traces and 10th, 50th, and 90th Percentiles for Lower Basin Annual Regulatory Shortage by Scenario, Without Options 
and Strategies 
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FIGURE G3-14 
Percent Traces with a Lower Basin Surplus by Scenario, Without Options and Strategies 

 
  



Colorado River Basin 
Water Supply and Demand Study 
 
 

G3-16 December 2012 

FIGURE G3-15 
10th, 50th, 90th Percentiles for Hoover Dam Energy Production by Scenario, Without Options and Strategies 
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FIGURE G3-16 
Cumulative Density Function for Hoover DamEnergy Production by Scenario, Without Options and Strategies 
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FIGURE G3-17 
10th, 50th, 90th Percentiles for Parker Dam and Davis Dam Energy Production by Scenario, Without Options and Strategies 
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FIGURE G3-18 
Cumulative Density Function for Parker Dam and Davis Dam Energy Production by Scenario, Without Options and Strategies 
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3.0 Defining Vulnerable Outcomes and Vulnerable 
Conditions 

3.1 Vulnerability Definitions 

3.1.1 Indicator Metric Vulnerability 
This section provides additional information regarding the indicator metric definitions and 
associated vulnerability thresholds described in Technical Report G – System Reliability Analysis 
and Evaluation of Options and Strategies. Some of the selected indicator metrics required 
additional assumptions and/or additional processing in order to generate a suitable indicator for 
vulnerability. Field and resource experts were consulted in developing vulnerability thresholds 
and were instrumental in the process. Because vulnerability is unique to each resource/location 
combination, the thresholds and associated methods varied. Generally, the approach was to 
capture a condition that would result in a significant degradation for the resource and/or require 
sizeable capital/infrastructure investment to mitigate. The rationale, assumptions, and methods 
for these metrics are described below.   

Water Delivery 
Water delivery indicator metrics were developed with the Modeling Sub-Team. Flow at Lee 
Ferry was selected as an indicator metric; vulnerability was defined as flow less than an 
aggregate of 75 million acre-feet (maf) over any 10-year period. Lake Mead’s pool elevation was 
also was selected as an indicator metric. Elevation 1,000 feet above mean sea level (msl) in Lake 
Mead is important to water deliveries for multiple reasons. This is significant both in terms of 
deliveries to the  Southern Nevada Water Authority and is of importance in the 2007 Interim 
Guidelines. For these reasons, vulnerability was defined as any month in which pool elevation 
falls below that threshold.  

Delivery shortages are of considerable concern and unique to the various regional water users 
throughout the Basin.The following indicator metrics were developed to reflect this geographic 
heterogeneity: (1) Upper Basin shortage as percent of requested depletion, (2) Lower Basin 
2-year moving window shortage volume sum, and (3) Lower Basin 5-year moving window 
shortage volume sum. Drawing from expertise of the Modeling Sub-Team, respective 
vulnerabilities were selected to be (1) annual shortage volume greater than 25 percent of 
requested depletion, (2) cumulative shortage volume exceeding 1 maf in any 2-year window, and 
(3) cumulative shortage volume exceeding 1.5 maf in any 5-year window. From Technical 
Report C – Water Demand Assessment, demand exists for Colorado River water in excess of 
Lower Divison States’ basic apportionments. Because this is a considerable portion of the overall 
Lower Division States’ demand in several scenarios, annual demand above Lower Division 
States’ basic apportionment was also selected as a water delivery indicator metric. Vulnerability 
for this indicator was developed based on estimated sustainability of existing and identified 
future supplies that could be used to meet those demands. Through this effort, it was decided 
that, for the period of 2012 to 2035, demand above Lower Division States’ basic apportionment 
up to 1 maf would not indicate a vulnerability, but exceeding this threshold would indicate a 
vulnerability. For the period 2035 to 2060, the non-vulnerable demand above Lower Division 
States’ basic apportionment decreased linearly from 1 maf to 0.25 maf, reflecting reduced   
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availability of other supplies. As was the case for the first period, any year in which the demand 
above Lower Division States’ basic apportionment exceeded its corresponding threshold value 
was deemed vulnerable.  

Electric Power 
Electric power indicator metrics and associated vulnerabilities were developed with guidance 
from Western Area Power Administration. Based on key facilities, power markets and contracts, 
three indicator metrics were developed. Owing to the relationship between head and generation 
capacity, two of the indicator metrics are pool elevation at Lakes Powell and Mead. The third 
indicator developed was annual aggregate Upper Basin generation (defined as the sum of Blue 
Mesa, Morrow Point, Crystal, Flaming Gorge, Fontenelle, and Glen Canyon). For the Lake 
Powell indicator metric, vulnerability was defined as pool elevation below power pool in any 
month (pool elevation less than 3,490 feet msl. For Lake Mead, vulnerability was defined as pool 
elevation below 1,050 feet msl, which is the turbine rough water threshold. For the Upper Basin 
aggregated indicator metric, vulnerability was defined as 3 consecutive years with generation 
less than 4,450 gigawatt-hours (GWh) per year. This threshold was developed by Western Area 
Power Administration, taking into consideration its power contracts in markets served by Upper 
Basin facilities and its capacity to secure supplemental power from other sources.  

Flood Control 
The flood control indicator metric was selected to be Hoover Dam release. Because substantial 
downstream infrastructure and agriculture are close to the river and floodplain, this area has 
potential for considerable damages should the safe channel capacity (28,000 cubic feet per 
second [cfs]) be exceeded (Bureau of Reclamation [Reclamation], 2000). Given the 
aforementioned consequences of flow exceeding the critical river stage, vulnerability was 
defined as any month in which the Hoover Dam release violates that threshold.    

Recreation  
Recreation indictor metrics were developed for (1) shoreline public use facilities and (2) river 
and whitewater boating. Metrics pertaining to shoreline public use facilities were developed in 
conjunction with appropriate federal and state management agencies. The thresholds are pool 
elevations that would necessitate relocation or infrastructure work (e.g., siltation removal or boat 
ramp extension) to maintain viability of major shoreline public use facilities during the high-use 
season. Because reservoir conditions vary considerably across the Upper Basin, locations in the 
three major tributaries (Green, Upper Colorado, and San Juan basins) were selected in addition to 
Lakes Powell and Mead.  

For the Green River Basin, pool elevation at Flaming Gorge Reservoir during May to September 
served as the indicator of shoreline public facilities in that region. The resource is deemed 
vulnerable when pool elevation drops below 6,019 feet msl during that period. According to 
Operation of Flaming Gorge Dam Final Environmental Impact Statement (Reclamation, 2005), 
over 75 percent of visitation occurs from May to September. Further, in appendix 4 of the 
aforementioned Flaming Gorge Final Environmental Impact Statement, the low-end threshold 
for most recreation was identified as a pool elevation of 6,017 feet msl; the vulnerability 
threshold selection was informed by this, but ultimately chosen to be slightly higher (6,019 feet 
msl) to reflect the point at which the first major boat ramp would no longer be useable.  

In the Upper Colorado Basin, the largest reservoir is Blue Mesa on the Gunnison River. From the 
Aspinall Unit Operations Final Environmental Impact Statement (Reclamation, 2012), the peak 
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visitation season is very similar to that of Flaming Gorge, making the indicator metric May to 
September pool elevation. Through discussions with the National Park Service at Curecanti 
National Recreation Area, the vulnerability threshold was chosen to be 7,440 feet msl; this is the 
current minimum elevation at which Lake Fork Marina/boat ramp can operate (Stahlnecker, 
2012). The Lake Fork Marina/boat ramp would be the first of the three major public use facilities 
at Blue Mesa to be significantly impacted by declining reservoir levels. 

Navajo Reservoir is the major shoreline recreation destination in the San Juan Basin. As 
described in the 2006 Navajo Reservoir Operations Final Environmental Impact Statement 
(Reclamation, 2006), the recreation season generally extends from April to October. As such, the 
San Juan Basin Shoreline Public Use Facility indicator metric is Navajo pool elevation during 
that period. One of the three major marina/boat ramp facilities at the reservoir, Two Rivers 
Marina near Arboles, Colorado, was constructed with a concrete boat ramp serviceable to pool 
elevations as low as 5,978 feet msl (Reclamation, 2006). However, over the years, due to shifts 
in the main river channel and substantial siltation, considerable work would be required to 
maintain usability below 6,025 feet. Therefore, the vulnerability threshold for this indictor metric 
is pool elevation below 6,025 feet msl; other Navajo shoreline public use facilities still provide 
recreation access at this elevation. The selection was guided by discussion with Colorado State 
Park staff at Navajo State Park in Arboles (Secrist, 2012) Further; this is supported by the New 
Mexico State Park description of boating at elevations below 6,030 feet msl as being in the 
lowest-quality tier.1 

Lake Powell receives considerable year-round visitation; however, like the other Upper Basin 
reservoirs, the majority of recreational use occurs during the summer months—approximately 
75 percent during the May-to-September window—sothe indicator metric for Lake Powell is 
pool elevation during that period. The majority of shoreline public use facilities are currently 
serviceable to pool elevations as low as 3,560 feet msl; below that point, additional infrastructure 
would be required to maintain most public boat ramps. Further, all major marinas would face 
sizeable challenges to maintain operation below a pool elevation of 3,555 feet msl (Reclamation, 
2000). Therefore, the vulnerability threshold is defined as pool elevation below 3,560 feet msl. 

Recreation at Lake Mead occurs year-round; therefore, the indicator metric is pool elevation in 
all months. Over the past decade, due to declining lake levels some shoreline public use facilities 
have been relocated or closed. Given the economic reliance of surrounding communities on 
shoreline access-centric industry, selecting a vulnerability threshold for the entire resource is 
particularly tenuous. From discussions with the National Park Service, the majority of shoreline 
public use facilities offering lake access and recreation in 2012 have capacity to operate to a pool 
elevation of 1,080 feet msl; many facilities have plans to enable operation at lower levels. 
However, a considerable portion of these strategies require non-trivial infrastructure investment 
(e.g., moving marinas or extending boat ramps). Owing to the prospect of significant 
restructuring to maintain recreation opportunities commensurate with current access below 
1,080 feet msl, this was chosen as the vulnerability threshold (Turner, 2012). 

Metrics pertaining to river and whitewater boating estimate the number of days per month with 
flows that are below acceptable, acceptable low, optimal, acceptable high and above acceptable 
for supporting river boating recreation (see Technical Report D – System Reliability Metrics, 
Appendix D2 – Boating Flow Days Metrics). From these results, two indicator metrics were 

                                                      
1 Available at: http://www.emnrd.state.nm.us/SPD/BOATINGWeb/NavajoLake.html. 
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developed for each major Upper Basin tributary (Green, Colorado, and San Juan rivers). The first 
deals exclusively with optimal boating flow days and the second captures total boating flow days 
(sum of acceptable low, optimal, and acceptable high days). In both cases, the indicator metric 
aggregates across all metric locations within a particular basin to give, for example, total optimal 
boating flow days in the Green River Basin. As was the case with the shoreline public facility 
use attribute of interest, each of the three regions captured by boating flow days indicator metrics 
have peak seasons. In the Green River Basin, based on a review of commercially offered boating 
activities and the Operation of Flaming Gorge Dam Final Environmental Impact Statement 
(Reclamation, 2005), the key months were found to be May to September. For the Colorado 
mainstem, a similar review of commercially scheduled trips indicated the same peak season. The 
San Juan River, due to its more southerly location, has a slightly longer river recreation season; 
March to October, confirmed by the Navajo Reservoir Operations Final Environmental Impact 
Statement (Reclamation, 2006) and commercial trip offerings. Therefore, for each sub-basin, a 
peak season aggregation of optimal and total boating flow days was produced, offering a 
condensed view of the monthly five flow tiers at eight locations across the Upper Basin.  

Working with representatives from American Whitewater, a framework for indicator metric 
vulnerability threshold criteria was developed. The foundation of this concept is that boating 
recreation would become vulnerable if the future number of boating flow days deviates 
substantially from historical levels. Unfortunately, boating flow days computed from gage data 
are not appropriate for comparison with model projected future conditions due to model biases 
and reservoir construction or reoperation over time. To capture the spirit of estimating historical 
levels of boating flow days, a modeling control run was proposed. For the control run, the Study 
model, CRSS, was run with the historical Observed Resampled supply scenario and demands 
static at the 2015 Current Projected (A) scenario levels. The result of this run is an 
approximation of historical boating flow days, driven by observed hydrologic variability and 
present-day demands, which lends itself to comparison with future projected conditions. Due to 
considerable inter-annual hydrologic variability in the Basin, simulation results from the control 
run were compared with future projected conditions based on 10-year running averages. In the 
case of the total boating flow days indicator metrics, vulnerability was defined as a future period 
for which the 10-year average boating flow days is below the control run minimum 10-year 
average. For the optimal boating flow days indicator metric, vulnerability was defined as a future 
period for which the 10-year average falls below the 10th percentile of the respective control run 
results. The optimal boating flow days vulnerability threshold is more rigorous, compared with 
the total boating flow days threshold, because optimal flow days afford the most recreation 
opportunities and therefore have the greatest value.   

Ecological 
A wide range of ecological metrics were developed and discussed in Technical Report D – 
System Reliability Metrics. Due to the number and complexity of these metrics, it was not 
feasible to develop an indicator metric that encompasses several locations within a particular 
region. As a result, a single metric was selected as an indicator for four regions in the Upper 
Basin: Yampa, Colorado mainstem, Green, and San Juan. The locations selected tend to be more 
downstream in their respective regions to offer some aggregation of upstream conditions. Further 
descriptions of these metrics and the development of vulnerability thresholds follows in the 
sections below.   
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For the Yampa River near Maybell, the flows to support threatened and endangered species calls 
for maintaining a baseflow of 120 cfs at all times (U.S. Fish and Wildlife Service, 2008). Similar 
to earlier discussion regarding recreation, comparing a flow recommendation derived from gage 
data with model-simulated flows may not always be appropriate. Further, the development of an 
ecologically based vulnerability threshold is beyond the scope of the Study, so the control run 
comparison approach for establishing vulnerability was employed. In this control run, modeled 
Yampa River flow near Maybell was first checked against the 120 cfs to identify years in which 
the recommendation was violated. Following, for each trace, a running percent of years with a 
violation was computed (i.e., if the first year in a trace violated the recommendation but years 
two and three did not, the percent of years with a violation would be 100 percent in year one, 50 
percent in year two and 33 percent in year three). From these data, the annual maxima of percent 
violation across all control run traces were selected, thereby defining a time series threshold for 
permissible frequency of flow recommendation violations. The same percent of years with a 
violation statistic was computed for each model projected future trace. If the value in a given 
year exceeded the threshold derived from the control run, it was deemed vulnerable.   

For the Green and Colorado rivers, the flow recommendations are more complex. At those sites, 
flow recommendations are monthly and tied to year type categories (Reclamation, 2005; McAda, 
2003). For example, during a dry year type, lower flows are targeted while higher flows are 
prescribed for average or wet years. Further, there is a target distribution for the year types. For 
the purpose of developing indicator metrics, these were distilled into three components: (1) year 
type distribution, (2) April to July peak flow compliance, and (3) September baseflow 
compliance. For the same reasons discussed above, the control run approach was employed for 
these locations in developing indicator metric vulnerability thresholds. Changing monthly and 
seasonal flow recommendations and year type distribution targets made this more complicated 
than the Yampa modeling, but the concept of quantifying some permissible frequency of non-
compliance remains the same. The procedure described below examines each of the 
aforementioned flow recommendation components individually, and should any one of the three 
components perform worse than observed in the control run, the year is deemed vulnerable. 

The target year-type distribution specifies the percent of years that should be classified in each 
category. Using the control run results, the year-type distribution variability was first quantified 
to establish a unit-less measure of deviation from the target distribution. For each year, the 
percent of years falling into each category up to that year were computed. These values were 
then compared with the target percentages and summarized by taking the sum of the absolute 
differences. The following is an example calculation for a hypothetical target distribution that 
specified three year types and equal occurrence frequency (i.e., 0.33 for each). Consider the tenth 
year of a trace; at this point, 2 years have been classified as wet; 3 years have been average; and 
5 years have been dry. The corresponding frequencies would be 0.20, 0.30, and 0.50, with the 
respective absolute differences being 0.13, 0.03, and 0.17, and the index (sum of absolute 
differences) would be 0.33. As the trace evolves over time, with more values contributing to the 
distribution, the expectation is that the percentages converge toward the targets and the index 
values become smaller and smaller. With this completed for all traces in the control run, the 
annual maxima were computed,  establishing a maximum permissible deviation from the target 
distribution time series. The index computation was performed for all model projected future 
traces, and any year that exceeded the threshold derived from the control run was deemed 
vulnerable.  
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The success of meeting flow recommendations associated with each year type was quantified in 
a similar manner to the distribution of year types. As mentioned earlier, the two aspects of the 
flow recommendations examined were the peak flow period (April through July) and the 
September baseflow. For each year in the control run results, the number of years falling into 
each year type category were computed, as was done for the target distribution. Next, the peak 
flow and September baseflow values for each year were analyzed to assess which year-type flow 
was actually seen in each of those years. The result is two lists – one of year types that should 
have been met and a second of the year type flows that were actually met. Subsequently, for each 
year in those two lists, the percent of years up to that point in each classification was calculated. 
The average of the absolute differences (by percent of year types, actual versus classified) was 
computed as a unitless measure of flow recommendation non-compliance. With this completed 
for all traces in the control run, the annual maxima were computed, thus establishing a maximum 
permissible flow recommendation non-compliance time series for peak and September flows. 
The index computation was performed for all model projected future traces with regard to both 
peak and September flow recommendations, and any year that exceeded either threshold derived 
from the control run was deemed vulnerable.  

The flow recommendation to benefit threatened and endangered species on the San Juan near 
Bluff, Utah, is similar to those previously discussed; it has peak and base flow targets, in 
addition to year-type frequencies (Reclamation, 2006). However, the flow targets are not tied to 
year-type classification; instead the four tiers of flow magnitude-duration combinations are given 
occurrence frequencies and maximum intervals between occurrence. The baseflow 
recommendation is static and applies for each month. Hence, three aspects were also identified 
for this site: (1) baseflow compliance, (2) frequency of magnitude-duration, and (3) tiers interval 
between tier occurrence. Using the control run results, thresholds for each of these were 
developed. The baseflow component was evaluated in the same manner as was done for the 
Yampa baseflow prescription. Flow tier frequency compliance was analogous to the 
Green/Colorado target distribution calculation. The unique aspect of the Bluff recommendation 
was the maximum interval between tier occurrence. This index was developed by first computing 
the compliance for each tier; a year within the permissible interval was flagged as compliant, and 
each year exceeding the permissible interval was flagged as in violation. The result for each trace 
was four time series of violation/compliance. To summarize a single trace, for each year, the 
average number of violations across all tiers up to that point was computed. Last, as was done for 
all of the previously described indices, for each year, the annual maxima across all control run 
traces was computed, giving a maximum permissible interval violation. These indices were 
computed for all model projected future traces, and any year that exceeded one of the thresholds 
derived from the control run was deemed vulnerable.  

Water Quality 
In order to comply with the Clean Water Act, the Colorado River Basin Salinity Control Forum 
develops numeric salinity criteria below Hoover and Parker Dams and at Imperial Dam.  The 
water quality indicator metric was selected to be the numeric salinity criterion below Parker 
Dam. Parker Dam was chosen because of the three locations on the lower Colorado River where 
annual salinity criteria have been established, the Parker Dam location has historically shown the 
highest damages resulting from salinity (e.g., early replacement of household water heaters, 
reduced agricultural production). Average annual salinity concentrations and salt loads were 
determined on a flow-weighted basis. The flow-weighted average annual salinity concentration is 
calculated by dividing the flow-weighted average annual salt load passing a measuring station by 
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the total annual volume of water passing the same point during a calendar year. The flow-
weighted average annual salt load is calculated by first multiplying the daily salinity 
concentration values by the daily flow rates. These values are then summed over a calendar year. 
The total annual volume of water is calculated by calculating the sum of the daily flow rate. 
Below Parker Dam the numeric salinity criteria is 747 milligrams per liter. 

Exceedance of the flow-weight average annual salinity criteria defines vulnerability. Unlike 
other resource categories, salinity vulnerably can only be defined for a given year across traces 
or a specified time period (e.g., 2012 through 2026) and not for an individual trace. At Parker 
Dam, if 50 percent of the traces in any one year for a given period (e.g., 2012 through 2026) 
exceeds 747 milligrams per liter, the period was vulnerable.   

3.1.2 Vulnerability Results Without Options and Strategies 
Technnical Report G provides vulnerability results without options and strategies, summarized 
across all scenarios, for all indicator metrics. These results are broken out by scenario and 
described in further detail in figures G3-19 through G3-70. Each figure shows the simulation 
results for one indicator metric, with each point representing the median result from one 
scenario. The figures are disaggregated by time period, supply scenario (columns), demand 
scenario (symbols), and whether the Record of Decision for Colorado River Interim Guidelines 
for Lower Basin Shortages and Coordinated Operations for Lake Powell and Lake Mead (2007 
Interim Guidelines) (U.S. Department of Interior [DOI], 2007) are extended after 2026 (colors). 
For sites above Lake Powell, post 2026 reservoir operations do not impact results. As such, there 
will be no difference between results for the extend 2007 Interim Guidelines (DOI, 2007) and 
revert to the No Action Alternative options presented in the Colorado River Interim Guidelines 
for Lower Basin Shortages and Coordinated Operations of Lake Powell and Lake Mead Final 
Environmental Impact Statement (2007 Interim Guidelines Final EIS) (Reclamation, 2007). For 
each supply scenario subset (column), the gray region shows range and the black bar the scenario 
median. 
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FIGURE G3-19 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Upper Basin Shortage Indicator Metric (exceeds 25% of requested depletion in any 1 year) 

  

FIGURE G3-20 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Upper Basin Shortage Indicator Metric (exceeds 25% of requested depletion in any 1 year) 
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FIGURE G3-21 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lee Ferry Deficit Indicator Metric (exceeds zero in any 1 year) 

 

FIGURE G3-22 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lee Ferry Deficit Indicator Metric (exceeds zero in any 1 year) 
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FIGURE G3-23 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lake Mead Pool Elevation <1,000 feet msl Indicator Metric (below 1,000 feet msl in any 1 month) 

 

FIGURE G3-24 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lake Mead Pool Elevation <1,000 feet msl Indicator Metric (below 1,000 feet msl in any 1 month) 
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FIGURE G3-25 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lower Bain Shortage Indicator Metric (exceeds 1 maf over any 2-year window) 

 

FIGURE G3-26 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period, 
Lower Basin Shortage Indicator Metric (exceeds 1 maf over any 2-year window) 
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FIGURE G3-27 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lower Bain Shortage Indicator Metric (exceeds 1.5 maf over any 5-year window) 

 

FIGURE G3-28 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lower Basin Shortage Indicator Metric (exceeds 1.5 maf over any 5-year window) 
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FIGURE G3-29 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period, Remaining Demand Above Lower 
Division States’ Basic Apportionment Indicator Metric (exceeds moving threshold in any one year) 

 

FIGURE G3-30 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period, Remaining Demand Above Lower 
Division States’ Basic Apportionment Indicator Metric (exceeds moving threshold in any one year) 
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FIGURE G3-31 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lake Powell Pool Elevation < 3,490 Indicator Metric (below power pool of 3,490 feet in any 1 month) 

 

FIGURE G3-32 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lake Powell Pool Elevation < 3,490 Indicator Metric (below power pool of 3,490 feet msl in any 1 month) 
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FIGURE G3-33 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Upper Basin Electrical Power Generated Indicator Metric (below 4,450 GWh per year for more than three consecutive years) 

 

FIGURE G3-34 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Upper Basin Electrical Power Generated Indicator Metric (below 4,450 GWh per year for more than three consecutive years) 
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FIGURE G3-35 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lake Mead Pool Elevation <1,050 feet Indicator Metric (below 1,050 feet in any 1 month of any year) 

 

FIGURE G3-36 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lake Mead Pool Elevation <1,050 feet Indicator Metric (below 1,050 feet in any 1 month of any year) 
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FIGURE G3-37 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lake Mead Downstream Safe Channel Capacity Indicator Metric (flow greater than 28,000 cfs in any 1 month) 

 

FIGURE G3-38 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Lake Mead Downstream Safe Channel Capacity Indicator Metric (flow greater than 28,000 cfs in any 1 month) 
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FIGURE G3-39 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Colorado River Optimal Boating Flow Days Indicator Metric (below 10th percentile of control run) 

 

FIGURE G3-40 
Percent of Year Vulnerable Without Options and Strategies by Scenario and Time Period,  
Colorado River Optimal Boating Flow Days Indicator Metric (below 10th percentile of control run) 
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FIGURE G3-41 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Green River Optimal Boating Flow Days Indicator Metric (below 10th percentile of control run) 

 

FIGURE G3-42 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Green River Optimal Boating Flow Days Indicator Metric (below 10th percentile of control run) 
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FIGURE G3-43 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
San Juan River Optimal Boating Flow Days Indicator Metric (below 10th percentile of control run) 

 

FIGURE G3-44 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
San Juan River Optimal Boating Flow Days Indicator Metric (below 10th percentile of control run) 
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FIGURE G3-45 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Colorado River Acceptable Boating Flow Days Indicator Metric (below minimum of control run) 

 
FIGURE G3-46 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Colorado River Acceptable Boating Flow Days Indicator Metric (below minimum of control run) 
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FIGURE G3-47 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Green River Acceptable Boating Flow Days Indicator Metric (below minimum of control run) 

 
FIGURE G3-48 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Green River Acceptable Boating Flow Days Indicator Metric (below minimum of control run) 
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FIGURE G3-49 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
San Juan River Acceptable Boating Flow Days Indicator Metric (below minimum of control run) 

 
FIGURE G3-50 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
San Juan River Acceptable Boating Flow Days Indicator Metric (below minimum of control run) 
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FIGURE G3-51 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Blue Mesa Shoreline Pubic Use Facility Indicator Metric (pool elevation below 7,433 feet in any 1 month May through Sept) 

 
FIGURE G3-52 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Blue Mesa Shoreline Pubic Use Facility Indicator Metric (pool elevation below 7,433 feet in any 1 month May through Sept) 
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FIGURE G3-53 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Navajo Shoreline Public Use Facility Indicator Metric (pool elevation below 6,025 feet in any 1 month April through Oct) 

 
FIGURE G3-54 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Navajo Shoreline Public Use Facility Indicator Metric (pool elevation below 6,025 feet in any 1 month April through Oct) 
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FIGURE G3-55 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Flaming Gorge Shoreline Public Use Facility Indicator Metric (pool elevation below 6,019 feet in any 1 month May through Sept) 

 
 

FIGURE G3-56 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Flaming Gorge Shoreline Public Use Facility Indicator Metric (pool elevation below 6,019 feet in any 1 month May through Sept) 
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FIGURE G3-57 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Powell Shoreline Public Use Facility Indicator Metric (pool elevation below 3,560 feet in any 1 month May through Sept) 

 
 
FIGURE G3-58 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Powell Shoreline Public Use Facility Indicator Metric (pool elevation below 3,560 feet in any 1 month May through Sept) 
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FIGURE G3-59 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Mead Shoreline Public Use Facility Indicator Metric (pool elevation below 1,080 feet in any 1 month) 

 
 

FIGURE G3-60 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Mead Shoreline Public Use Facility Indicator Metric (pool elevation below 1,080 feet in any 1 month) 
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FIGURE G3-61 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Colorado River Indicator Metric (ecological vulnerability) 

 
 
FIGURE G3-62 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Colorado River Indicator Metric (ecological vulnerability) 
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FIGURE G3-63 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Green River Indicator Metric (ecological vulnerability) 

 
 
FIGURE G3-64 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Green River Indicator Metric (ecological vulnerability) 
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FIGURE G3-65 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
San Juan River Indicator Metric (ecological vulnerability) 

 
 

FIGURE G3-66 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
San Juan River Indicator Metric (ecological vulnerability) 
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FIGURE G3-67 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Yampa River Indicator Metric (ecological vulnerability) 

 
 
FIGURE G3-68 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Yampa River Indicator Metric (ecological vulnerability) 
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FIGURE G3-69 
Percent of Traces Vulnerable Without Options and Strategies by Scenario and Time Period,  
Hoover Dam to Davis Dam Flow Reductions Indicator Metric (greater than 845 thousand acre-feet (kaf) in any 1 year) 

 
FIGURE G3-70 
Percent of Years Vulnerable Without Options and Strategies by Scenario and Time Period,  
Hoover Dam to Davis Dam Flow Reductions Indicator Metric (greater than 845 kaf in any 1 year) 
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3.2 Vulnerable Conditions  
Additional detail regarding the vulnerable conditions analysis in the Study is provided below. 
Included are the statistical algorithm used to identify vulnerable conditions for each water 
delivery indicator metric as well asan example application of the algorithm. In addition, results 
from the vulnerable conditions analysis for each metric, including a summary table and scatter 
plot, and statistics summarizing the performance of the algorithm are provided. 

3.2.1 Defining Vulnerable Conditions Using the Patient Rule Induction Method 
The Study uses the Patient Rule Induction Method (PRIM) (Friedman and Fisher, 1999) to 
identify vulnerable conditions. PRIM employs statistical algorithms to evaluate CRSS results and 
define different descriptions of vulnerable conditions. Each definition comprises a set of range 
restrictions for a set of variables. PRIM both (1) identifies those variables that are useful to 
describe vulnerabilities and (2) defines specific threshold values for each variable.  

PRIM calculates possible descriptions of the vulnerabilities that differ based on the variables 
included and their assigned thresholds. PRIM computes three measures of merit to help 
determine how well a particular description explains vulnerable futures: 

• Coverage: The fraction of all the vulnerable futures that have the vulnerable conditions. 
(A vulnerable future is one where the strategy does not meet its objectives.) Ideally, the 
vulnerable conditions would contain all the vulnerable futures and coverage would be 
100 percent. 

• Density: The fraction of all the futures in which the vulnerable conditions hold that are 
actually vulnerable (fail to meet their objectives). Ideally, all the futures within the 
vulnerable conditions would be vulnerable and density would be 100 percent. 

• Interpretability: The ease with which users can understand the information conveyed by 
the vulnerable conditions. The number of conditions in the set serves as a proxy for 
interpretability. The smaller the number of conditions, the higher the interpretability. 

These three measures are generally in tension with one another. For instance, choosing a set of 
conditions that explains more-vulnerable outcomes (higher coverage) will also likely explain a 
higher percentage of non-vulnerable outcomes (lower density).  

3.2.2 Patient Rule Induction Method Example 
Consider a set of 20 simulations, 4 of which are considered vulnerable. Each simulation is 
defined by inputs (X, Y, and Z) that can take a value between 0 and 1, as shown in figure G3-71. 
Figure G3-72 shows each simulation result graphically with respect to inputs X (horizontal axis), 
Y (vertical axis), and Z (size of symbol). The red lines and yellow shading indicate the input 
range restrictions for one set of vulnerable conditions. 
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FIGURE G3-71  
Example Input Values (X, Y, and Z) for 20 Simulations and Ranges Defining the Vulnerable Conditions  

 

Red symbols indicate simulations that are vulnerable. X’s indicate simulations described by the vulnerable conditions. Vertical red 
lines and yellow shading indicate ranges of one characterization of the vulnerable conditions.  
 
FIGURE G3-72  
Graphical Representation of 20 Simulation Outcomes with Thresholds for Vulnerable Conditions  

 
Red symbols indicate simulations that are vulnerable. X’s indicate simulations described by the vulnerable conditions. X and Y 
thresholds are shown by the red lines. The size of each point is defined by the Z variable. The yellow shaded region represents the 
region of the input space that defines the vulnerability. There is no restriction on the Z variable for this vulnerability description. 
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PRIM can define different vulnerable conditions for these results. Table G3-1 lists the definition, 
coverage, and density results for four different sets of vulnerable conditions. The conditions 
shown in figure G3-71, for example, restricts the X and Y variables and describe three of the 
four vulnerable simulations (75 percent coverage) and three out of the four simulations described 
by the definition are vulnerable (75 pecent density). The other vulnerability definitions shown in 
table G3-1 show the tradeoff between coverage, density, and number of restrictions. PRIM 
presents the user with a set of vulnerable conditions on the frontier of the density coverage trade-
off, and the user then selects the set of conditions most appropriate for the analysis. 
TABLE G3-1 
Example Statistics for Several Different Example PRIM Vulnerable Conditions  

Definition Coverage Density 

X < 0.2 
Y < 0.4 

2/4 = 50% 2/2 = 100% 

X < 3.75 
Y < 4.35 

3/4 = 75% 3/4 = 75% 

X < 3.75 
Y < 4.35 
Z < 0.6 

3/4 = 75% 3/3 = 100% 

X < 0.5 
Y < 0.55 

4/4 = 100% 4/6 = 67% 

Note: Shaded row describes results shown in figures G3-71 and G3-72. 

3.2.3 Vulnerable Conditions Without Additional Options and Strategies 
Results from the analysis of vulnerable conditions in a future without additional options and 
strategies are shown in table G3-2 for all water delivery indicator metrics. For quantitative inputs 
(e.g., annual mean natural flow at Lees Ferry from 2012 to 2060), the cells include a graphical 
illustration of the restrictions. In these plots, the blue line shows the range of input values across 
all traces. Annual mean natural flow from 2012 to 2060, for example, ranges from 10 to 18.5 
million acre-feet per year (mafy). The superimposed red line shows the subset of this range 
included in the definition of the vulnerable condition (e.g., all traces with mean 2012 to 2060 
flow less than 13.8 maf). Finally, the words in between the columns indicate whether just one of 
the conditions needs to be met to fall within the vulnerable conditions (“OR”) or whether all 
conditions must be met to fall within the vulnerable conditions (“AND”). 



Colorado River Basin 
Water Supply and Demand Study 
 
 

G3-56 December 2012 

TABLE G3-2 
Vulnerable Conditions Defined for Each Water Delivery Indicator Metric 
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TABLE G3-2 
Vulnerable Conditions Defined for Each Water Delivery Indicator Metric 
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Statistics from the PRIM analysis are summarized in table G3-3. In general, the algorithm 
provided usable results in all cases, with greater than 80 percent coverage and density for all but 
one metric and a small number of restricted dimensions to allow for better interpretation. It 
should be noted, however, that the large proportion of vulnerable traces for the four shortage 
metrics complicate the overall analysis, because it is more difficult to distinguish conditions 
producing vulnerability when a vulnerability occurs in a large majority of the CRSS simulations. 
TABLE G3-3 
Coverage and Density Results for Water Delivery Vulnerable Conditions in Baseline 

Indicator Metric 
Vulnerable 

Traces Coverage Density 

Upper Basin Shortage 86% 98% 95% 

Lee Ferry Deficit 19% 85% 87% 

Lake Mead Pool Elevation 47% 86% 72% 

Lower Basin Shortage (1 maf over 2 years) 86% 99% 90% 

Lower Basin Shortage (1.5 maf over 5 years) 92% 100% 94% 

Remaining Demand Above Lower Division States’ Basic 
Apportionment 100% 100% 100% 

 
In the visual summaries below, each point represents one trace in the analysis, characterized 
according to long-term mean annual flow (y-axis) or mean annual flow during the driest 8-year 
period (x-axis). Red points indicate traces with at least one vulnerability during the simulation, 
while gray points mark traces in which no vulnerability occurs. The yellow region (lower left) in 
the figure summarizes the vulnerable condition boundaries identified in the analysis; each trace 
that falls within this region is denoted with an x, while each trace outside is marked with an o. 

Figures G3-73 through G3-78 present scatter plots that provide a visual summary of the 
vulnerable condition for each water delivery indicator metric.  
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FIGURE G3-73 
Scatter Plot of Vulnerable Conditions for the Upper Basin Shortage (exceeds 25% of requested depletion in any 1 year) Indicator 
Metric Without Options and Strategies  

 

FIGURE G3-74 
Scatter Plot of Vulnerable Conditions for the Lee Ferry Deficit (exceeds zero in any 1 year) Indicator Metric Without Options and 
Strategies  
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FIGURE G3-75 
Scatter Plot of Vulnerable Conditions for the Lake Mead Pool Elevation <1,000 feet msl (below 1,000 feet msl in any 1 month) 
Indicator Metric Without Options and Strategies  

  

 

FIGURE G3-76 
Scatter Plot of Vulnerable Conditions for the Lower Basin Shortage (exceeds 1 maf over any 2-year window) Indicator Metric 
Without Options and Strategies  
 

 



Appendix G3 — Additional 
Methodology and Results 

 
 

December 2012 G3-61 

FIGURE G3-77 
Scatter Plot of Vulnerable Conditions for the Lower Basin Shortage (exceeds 1.5 maf over any 5-year window) Indicator Metric 
Without Options and Strategies  
 

 

 

FIGURE G3-78 
Scatter Plot of Vulnerable Conditions for the Remaining Demand Above Lower Division States’ Basic Apportionment (exceeds 
moving threshold in any 1 year) Indicator Metric Without Options and Strategies  
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4.0 Evaluation of System Reliability with Options and 
Strategies 

4.1 Allocating Benefits from Options to the System Versus Regions  
The system reliability modeling with options and strategies first aimed to quantify the range of 
action that might be required to reduce/mitigate system vulnerabilities meeting demand of the 
Lower Division States above 7.5 maf only during Surplus Conditions. For this assessment, 
Portfolio A was evaluated to estimate the level of system improvement that could be achieved 
were most options implemented.  

The water demand assesessment confirmed that the Lower Division States have demand above 
their basic apportionment of 7.5 maf. As a result, further investigation was necessary to quantify 
the potential range of option magnitudes needed to address demands within and beyond Lower 
Division States’ basic apportionment. As with the system benefit assessment, the same Portfolio 
A was evaluated to estimate the amount of demand above Lower Division States’ basic 
apportionment that could be met were most options implemented.  

To implement these two approaches, CRSS used two sets of assumptions aimed at evaluating 
option implementation for maximum system benefit: 

• Options are implemented according to the static schedule (implemented as soon as options is 
available)  

•  Demands above Lower Division States’ basic apportionment are only met during Surplus 
Conditions or via implementation of local options such as conservation (the effect of 
conservation is that more demand can be met with a given delivery, and some of the new 
demand satisfied would otherwise be considered demand above Lower Division States’ basic 
apportionment).  

The following alternative set of assumptions were used to evaluate option implementation that 
maximized meeting demand above Lower Division States’ basic apportionment: 

• Options are implemented according to the static schedule and whenever possible, yield is 
directed toward meeting demands above Lower Division States’ basic apportionment.   

• If demands above Lower Division States’ basic apportionment are completely satisfied, any 
remaining option yield is put towards system benefit. 

Any Basin-wide strategy must take into consideration that the Lower Division States have 
demand above 7.5 maf when aiming to reduce system vulnerabilities. Thus, an approach was 
developed in which demands above Lower Division States’ basic apportionment and system 
resources both benefit from option yield. Such a situation could be realized by various avenues. 
One simple approach is to assume that option yield would first be used to replenish Lake Mead 
to some level. Beyond that, remaining water would be delivered to demands above Lower 
Division States’ basic apportionment. By solidifying a storage base, future risk is mitigated while 
benefitting other system resources such as hydropower or water deliveries.  As discussed earlier, 
numerous mechanism/threshold combinations could be crafted to achieve a balance between 
system and demand above Lower Division States’ basic apportionment benefit. In reality, this 
would likely to be determined by a host of factors yet to be identified, such as option specifics, 
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realized demand, and project funding. Owing to the aforementioned uncertainty and in the 
interest of simplicity, it was concluded that a minimum pool elevation at Lake Mead would need 
to be maintained before option yield could benefit demands above Lower Division States’ basic 
apportionment. Analysis and selection of the minimum pool elevation threshold is provided in 
the following section. It is important to emphasize that the policy modeled here is to demonstrate 
a concept only.  

4.1.1 System vs. Regional Benefit Threshold Sensitivity Analysis 
To inform the selection of the pool elevation threshold in the above mentioned hybrid, 
system/regional benefit framework, a sensitivity analysis was performed. The analysis consisted 
of running CRSS with a range of potential thresholds for a small subset of the quantified supply, 
demand, and reservoir operations scenario combinations (specifically, Downscaled GCM 
(general circulation model) Projected and Observed Resampled hydrologies with the Current 
Projected demand scenario and the 2007 Interim Guidelines extended). Elevations for potential 
thresholds were identified matching the current shortage tier elevations (Reclamation, 2007) of 
(1,025 feet, 1,050 feet, and 1,075 feet msl). Overall, results showed minimal sensitivity between 
the three values considered. Figure G3-79 shows water supply indicator metric vulnerabilities for 
the Baseline and three thresholds. Portfolio capacity to reduce the Lake Mead below 1,000 feet 
msl vulnerability was essentially the same across all thresholds. Shortage vulnerability frequency 
actually increases slightly with higher thresholds. This is because changing to system benefit 
precludes the option water from being available to offset shortages. In contrast, the lower 
thresholds allow water to be available longer to offset shortages (recall that option water 
delivered to each state first meet any shortage volumes then demands above Lower Division 
States’ basic apportionment). For the remaining demand above Lower Division States’ basic 
apportionment vulnerability, all three thresholds show strong improvements. The lowest 
threshold does show the greatest improvement because more option water is available to meet 
those demands. However, threshold selection does not appear to be significantly altering 
portfolio performance. In light of these observations, the threshold was selected to be 1,050 feet 
msl. This elevation allows for some option yield to address shortage volumes (between pool 
elevations 1,050 and 1,075 feet msl), but does not wait until mandatory reconsultation (pool 
elevation 1,025 feet msl) to switch to a system benefit (Reclamation, 2007).   
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FIGURE G3-79 
Water Delivery Indicator Metrics; Baseline and Portfolio A results for Downscaled GCM and Observed Resampled Scenario 
Hydrologies with Current Projected Demand Scenario and 2007 Interim Guidelines extended.  

Note: The three thresholds considered for system versus regional benefit were Lake Mead at 1,025 feet, 1,050 feet, and 
1,075 feet msl.    

4.2 Signposts  
Technical Report G – System Reliability Analysis and Evaluation of Options and Strategies 
describes the development of dynamic portfolios for the study. In contrast to static investments, 
dynamic portfolios are designed to be adaptive to changing conditions in the Basin and to invest 
in additional options when vulnerabilities become more likely. Key to these dynamic portfolios 
are signposts based on observable conditions that occur in advance of a one or more water 
delivery vulnerabilities. The development of these signposts is described below. The discussion 
includes a further description of signposts and an example of signpost implementation. The 
results from the analysis performed using CRSS simulations are provided to identify effective 
and accurate signposts occurring in advance of water delivery vulnerabilities. 

4.2.1 Signpost Implementation Example 
In the Study, signposts were developed only for water delivery vulnerabilities that were used to 
trigger option implementation. When a signpost is observed, options are implemented from those 
available at that particular time. In taking preemptive steps, the benefit of a single option is 
allowed to accrue, possibly reducing the need for a larger, more reactive investment. By design, 
signposts are based on system factors that can change in response to the already implemented 
options, helping to avoid over-investment.  

For example, the 5-year running mean natural streamflow at Lees Ferry, coupled with the 
current-year level of Lake Mead, could be an effective signpost to project those futures in which 
Lake Mead pool elevation is vulnerable. When Lake Mead is below a certain level and natural 
streamflow appears to be consistently low, options to address an impending vulnerability could 
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be implemented. Figure G3-80 shows a simple example of a signpost successfully triggering a 
new option in 2043 to prevent a Lake Mead pool elevation vulnerability (pool elevation below 
1,000 feet msl) from occurring later in the simulation. 
FIGURE G3-80 
 Illustration of a Signpost that Triggers Augmentation to Prevent Lake Mead Levels from Dropping Below 1,000 Feet msl  

 

The red line represents Lake Mead elevations for a single CRSS simulation under the Baseline management. The green line reflects 
augmentation that increases Lake Mead levels. The signpost is set at a level of 1,050 feet msl. As a simple approximation, the 
augmentation adds 100 feet to Lake Mead levels each year after signpost is triggered (2043). 
 

4.2.2 Signpost Selection 
To choose signposts for the dynamic portfolios, a large set of potential signposts (around 200) 
for the five of the six water delivery indicator metrics were first generated.2 Each signpost is a 
unique combination of streamflow and reservoir elevation level thresholds, drawn from a wide 
range of possible values. For each metric, the signpost was evaluated in terms of how well it 
predicts vulnerabilities and non-vulnerabilities. A true positive calculation for a signpost reports 
the percent of years with a vulnerability in which the signpost is triggered in advance by a 
specified amount of lead time. A given signpost can be evaluated for different lead times, for 
example, between 3 and 10 years. The true negative rate for a signpost, conversely, reports the 
percent of futures with no vulnerability in which the signpost is also not measured. Lead times 
do not affect the true negative rates. Larger numbers for both these rates indicate more useful 
signposts for water planner. A low true positive rate would cause under investment in options, 
while a low true negative rate would likely result in over-investment. 

                                                      
2 No leading signpost was developed for remaining demand above apportionment, because all traces produce a vulnerability for this indicator 

metric at some point in the simulation in a future without additional options and strategies. Instead, the amount of remaining demand above 
apportionment itself serves as a signpost for future vulnerability, triggering options when demand is with 100 kaf of the vulnerability threshold. 
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For example, Figure G3-81 shows the signpost analysis results for the Lake Mead vulnerability 
for a 5-year lead time. Each point represents one possible signpost, and each signpost has two 
components: 

• The Lake Mead pool elevation threshold (differentiated with symbols) 

• The 5-year running mean natural streamflow threshold (differentiated by color) 
Charts such as this one were reviewed to select signposts that struck a favorable balance between 
true positive and true negative rates. In general, this involved selecting a point along the upper-
right edge of the results (the optimal frontier).  
FIGURE G3-81 
True Positive/True Negative Tradeoff Curve for Possible Lake Mead Pool Elevation <1,000 feet msl Signposts  

 
Each point is one possible signpost, defined here as unique combination of a threshold for 5-year running mean natural streamflow 
at Lees Ferry (colors) and a threshold for Lake Mead pool elevation (symbols), measured 3 years prior to the vulnerability occurring. 
True positive and true negative rates are shown on the y- and x-axis, respectively. 
 
Similar scatter plots used to develop signposts for the other water delivery indicator metrics are 
shown in the figures G3-82 through G3-84. 
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FIGURE G3-82  
True Positive/True Negative Tradeoff Curve for Possible Lee Ferry Deficit Signposts 

 
Each point is one possible signpost, defined here as unique combination of a threshold for 5-year running mean natural streamflow 
at Lees Ferry (colors) and a threshold for Lake Powell pool elevation (symbols), measured 5 years prior to the vulnerability 
occurring. True positive and true negative rates are shown on the y- and x-axis, respectively. 
 
FIGURE G3-83 
True Positive/True Negative Tradeoff Curve for Possible Lower Basin Shortage (greater than 1 maf over 2 years) Signposts  

 
Each point is one possible signpost, defined here as unique combination of a threshold for 5-year running mean natural streamflow 
at Lees Ferry (colors) and a threshold for Lake Mead pool elevation (symbols), measured 3 years prior to the vulnerability occurring. 
True positive and true negative rates are shown on the y- and x-axis, respectively. 
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FIGURE G3-84 
True Positive/True Negative Tradeoff Curve for Possible Lower Basin Shortage (> 1.5 maf over 5 years) Signposts  

 
Each point is one possible signpost, defined here as unique combination of a threshold for 5-year running mean natural streamflow 
at Lees Ferry (colors) and a threshold for Lake Mead pool elevation (symbols), measured 3 years prior to the vulnerability occurring. 
True positive and true negative rates are shown on the y- and x-axis, respectively. 

4.3 Study Portfolio Evaluation 
This section includes selected additional results from CRSS with options and strategies not 
otherwise provided in Technical Report G. Included are subsections showing the potential 
changes in system response variables, reductions in water delivery vulnerabilities with portfolios 
implemented, and implemented options, respectively.  

4.3.1 System Response Variables 
Figures G3-85 to G3-102 show system response variable results from CRSS modeling with 
options and strategies. These variables include river flow, reservoir storage, reservoir release, 
reservoir pool elevation, shortage, surplus, and energy production. Percentile time series plots 
and cumulative distribution functions used to present these results show scenarios combined on a 
by portfolio basis.   
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FIGURE G3-85 
10th, 50th, 90th Percentiles for Annual Flow of Green River at Green River, Utah, With Options and Strategies 

 

 

FIGURE G3-86 
10th, 50th, 90th Percentiles for Annual Flow of Colorado River near Cisco, Utah, With Options and Strategies 
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FIGURE G3-87 
10th, 50th, 90th Percentiles for Annual Flow of San Juan River near Bluff, Utah, With Options and Strategies 

 
 
FIGURE G3-88 
10th, 50th, 90th Percentiles for Total Storage Above Lake Powell With Options and Strategies 
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FIGURE G3-89 
10th, 50th, 90th Percentiles for Upper Basin Annual Shortage with Options and Strategies 

 
 
FIGURE G3-90 
10th, 50th, 90th Percentiles for Lake Powell Pool Elevation With Options and Strategies 

 



Colorado River Basin 
Water Supply and Demand Study 
 
 

G3-72 December 2012 

FIGURE G3-91 
10th, 50th, 90th Percentiles for Total Upper Basin Energy Production with Options and Strategies 
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FIGURE G3-92 
Cumulative Density Function  for Total Upper Basin Energy Production With Options and Strategies 
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FIGURE G3-93 
10th, 50th, 90th Percentiles for Powell Water Year Release With Options and Strategies 

 
 
FIGURE G3-94 
Percent Traces and 10th, 50th, and 90th Percentiles for Lee Ferry Deficit With Options and Strategies 
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FIGURE G3-95 
10th, 50th, 90th Percentiles for Lake Mead Pool Elevation With Options and Strategies 

 

 

FIGURE G3-96 
Percent Traces and 10th, 50th, and 90th Percentiles for Lower Basin Annual Total Shortage (including remaining demands 
above Lower Division States’ basic apportionments) With Options and Strategies 
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FIGURE G3-97 
Percent Traces and 10th, 50th, 90th Percentiles of Lower Basin Annual Regulatory Shortage With Options and Strategies 

 
 
FIGURE G3-98 
Percent Traces with Lower Basin Surplus With Options and Strategies 
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FIGURE G3-99 
10th, 50th, 90th Percentiles for Hoover Energy Production With Options and Strategies 
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FIGURE G3-100 
Cumulative Density Function  for Hoover Energy Production With Options and Strategies 
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FIGURE G3-101 
10th, 50th, 90th Percentiles for Parker and Davis Energy Production With Options and Strategies 
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FIGURE G3-102 
Cumulative Density Function  for Parker and Davis Energy Production With Options and Strategies 

 
 

4.3.2 Indicator Metrics 
Figures G3-103 through G3-113 are histograms showing the percent of simulated traces with 
vulnerable years, in 5-year bins (e.g., 1 to 5 years vulnerable, 6 to 10 years vulnerable). Bins for 
the number of vulnerable years are shown on the y-axis, and the proportion of vulnerable traces 
is shown on the x-axis. Results are further subdivided to show the set of traces inside (top panel) 
or outside (bottom panel) the vulnerable conditions previously defined for each water delivery 
indicator metric.  
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FIGURE G3-103 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios Upper Basin Shortage (exceeds 25% of requested 
depletion in any 1 year) Indicator Metric, Inside Vulnerable Conditions 

 

FIGURE G3-104 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios Upper Basin Shortage (exceeds 25% of requested 
depletion in any 1 year) Indicator Metric, Outside Vulnerable Conditions 

 

FIGURE G3-105 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios Lee Ferry Deficit (exceeds zero in any 1 year) Indicator 
Metric, Inside Vulnerable Conditions 
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FIGURE G3-106 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios Lee Ferry Deficit (exceeds zero in any 1 year) Indicator 
Metric, Outside Vulnerable Conditions 

 

FIGURE G3-107 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios Lake Mead Pool Elevation <1,000 feet msl (below 
1,000 feet msl in any 1 month) Indicator Metric, Inside Vulnerable Conditions 

 

FIGURE G3-108 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios Lake Mead Pool Elevation <1,000 feet msl (below 
1,000 feet msl in any 1 month) Indicator Metric, Outside Vulnerable Conditions 
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FIGURE G3-109 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios Lower Basin Shortage (exceeds 1 maf over any 2-year 
window) Indicator Metric, Inside Vulnerable Conditions 

 

 
FIGURE G3-110 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios Lower Basin Shortage (exceeds 1 maf over any 2-year 
window) Indicator Metric, Outside Vulnerable Conditions 
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FIGURE G3-111 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios Lower Basin Shortage (exceeds 1.5  maf over any 
5-year window) Indicator Metric, Inside Vulnerable Conditions 

 

FIGURE G3-112 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios Lower Basin Shortage (exceeds 1.5  maf over any 
5-year window) Indicator Metric, Outside Vulnerable Conditions 

 

FIGURE G3-113 
Number of Vulnerable Years Across Traces 2012–2060 for All Scenarios Remaining Demand Above Lower Division States’ 
Basic Apportionment (exceeds moving threshold in any 1 year) Indicator Metric, All Traces (all traces are vulnerable) 
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Another way to visualize these results is by looking for patterns of vulnerable traces across the 
dimensions that define the vulnerable conditions for each water delivery indicator metric. 
Figures G3-114 through G3-119 present the same scatter plots showing vulnerable conditions as 
shown earlier in this appendix, but with portfolios implemented. The axes show the dimensions 
that define the vulnerable conditions, which vary by water delivery metric. Each point in the plot 
shows one trace outcome across the 2012 to 2060 time span, with vulnerable traces colored red 
and non-vulnerable traces colored gray. Points inside the vulnerable conditions for a given metric 
are marked with x’s, and points outside are marked with o’s. 

In these figures, the vulnerable conditions definitions are constant across all portfolios for 
comparison with the Baseline, but the pattern of vulnerable traces varies by portfolio to show 
where vulnerable traces (red points) become non-vulnerable (gray points) with the portfolio.  

  



Colorado River Basin 
Water Supply and Demand Study 
 
 

G3-86 December 2012 

FIGURE G3-114 
Reduction in Vulnerable Traces with Portfolios in Place, Upper Basin Shortage (exceeds 25% of requested depletion in any 
1 year) Indicator Metric 
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FIGURE G3-115 
Reduction in Vulnerable Traces with Portfolios in Place, Lee Ferry Deficit (exceeds zero in any 1 year) Indicator Metric 
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FIGURE G3-116 
Reduction in Vulnerable Traces with Portfolios in Place, Lake Mead Pool Elevation <1,000 feet msl (below 1,000 feet msl in any 
1 month) Indicator Metric 

  



Appendix G3 — Additional 
Methodology and Results 

 
 

December 2012 G3-89 

FIGURE G3-117 
Reduction in Vulnerable Traces with Portfolios in Place, Lower Basin Shortage (exceeds 1 maf over any 2-year window) 
Indicator Metric 
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FIGURE G3-118 
Reduction in Vulnerable Traces with Portfolios in Place, Lower Basin Shortage (exceeds 1.5 maf over any 5-year window) 
Indicator Metric 
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FIGURE G3-119 
Reduction in Vulnerable Traces with Portfolios in Place, Remaining Demand Above Lower Division States’ Basic Apportionment 
(exceeds moving threshold in any 1 year) Indicator Metric 
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Results from the analysis of vulnerable conditions in a future with Portfolio A implemented 
strategies are shown in table G3-4 for all water delivery indicator metrics. In this table, results 
are provided from the Baseline and also show the change in vulnerability with the portfolio in 
place. The second column shows the change in the overall proportion of vulnerable traces, and 
the columns to the right describe how the vulnerable conditions shift when Portfolio A is 
implemented. In each cell, the blue bars again show the full range of the flow characterization or 
other quantitative input to the modeling across all scenarios; the red bars show the range of the 
restriction that helps to define the new vulnerable condition; and the yellow bars (with subscript 
values) show where the restriction identified for the Baseline simulations was previously 
defined. Table G3-5 provides the density and coverage statistics for the vulnerable conditions 
presented in table G3-4. 
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TABLE G3-4 
Vulnerable Conditions Defined for Each Water Delivery Indicator Metric for Portfolio A  
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TABLE G3-4 
Vulnerable Conditions Defined for Each Water Delivery Indicator Metric for Portfolio A  
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TABLE G3-4 
Vulnerable Conditions Defined for Each Water Delivery Indicator Metric for Portfolio A  
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TABLE G3-5 
Coverage and Density Results for Water Delivery Vulnerable Conditions in Portfolio A 

Indicator Metric 
Vulnerable 

Traces  
Coverage Density 

Upper Basin Shortage 69% 96% 85% 

Lee Ferry Deficit 6% 77% 57% 

Lake Mead Pool Elevation 24% 53% 80% 

Lower Basin Shortage (1 maf over 2 years) 62% 84% 80% 

Lower Basin Shortage (1.5 maf over 5 years) 83% 77% 89% 

Remaining Demand Above Lower Division States’ 
Basic Apportionment 26% 57% 57% 

 

5.0 Summary  
This appendix offers supplementary content for Technical Report G – System Reliability Analysis 
and Evaluation of Options and Strategies. The results and methods presented herein focus on 
system response variables, indicator metrics, vulnerability and vulnerable conditions. For 
individual metric results, see appendix G4.  
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Appendix G4 — Supplemental Results  

This appendix provides supplemental discussion and results related to the system reliability 

analysis presented in Technical Report G – System Reliability Analysis and Evaluation of 

Options and Strategies for metrics identified in Technical Report D – System Reliability Metrics. 

Results are presented with (portfolios) and without (Baseline) the implementation of options and 

strategies.  The analysis is presented by category and subsequent attributes of interest in a series 

of six attachments, as follows: 

 Attachment A, Water Deliveries Metrics’ Results 

o Consumptive Uses and Shortages, Other Water Deliveries  

 Attachment B, Electrical Power Resources Metrics’ Results 

o Electrical Power Generated, Economic Value of Electrical Power Generated, 

Available Generation Capacity, Impact on Power Rates, Water Supply System 

Pumping, Impact on Basin Funds 

 Attachment C, Water Quality Metrics’ Results 

o Salinity, Sediment Transport, Temperature, Other Water Quality Constituents, 

Socioeconomic Impacts Related to Salinity 

 Attachment D, Flood Control Metrics’ Results 

o Flood Control Release, Reservoir Spills, Flooding Risk 

 Attachment E, Recreational Resources Metrics’ Results 

o Shoreline Public Use Facilities, River and Whitewater Boating, Other Recreational, 

Socioeconomic Impacts 

 Attachment F, Ecological Resources Category Metrics’ Results  

o Flows to Support Threatened and Endangered Species, Instream Flow Rights, 

Cottonwood Recruitment Metric, Flow-Dependent Ecological Systems, Wildlife 

Refuges and Fish Hatcheries 

Results are presented by portfolio with all scenario combinations grouped together. In 

accordance with the scenario planning approach employed in the Colorado River Basin Water 

Supply and Demand Study, all scenarios are plausible and results are presented to reflect the 

distribution of outcomes associated with the various scenarios considered.  All scenarios have 

been resampled such that each scenario contributes equally to the distribution.  Results are 

intended to be used to make relative comparisons.  They are not intended to specify absolute 

values. 

Information for each attribute of interest and subsequent metrics is discussed qualitatively or is 

discussed and presented as quantitative information in figures that reflect key outcomes.  Where 

applicable, figures display reference values from Technical Report D – System Reliability 

Metrics. Figures include:   
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(1) Box and whisker type plots that show the median, 25th and 75th percentiles and 

include “whiskers” representing the 10th and 90th percentiles.  The statistical data for 

a given “box” represent the metric over all combined supply and demand scenarios, 

unless otherwise noted.  The boxes are presented for the Baseline as well as each 

scenario for time periods representing 2012 through 2026, 2027 through 2040, and 

2041 through 2060. 

(2) Frequency and magnitude plots showing line plots relating the frequency of 

occurrence (typically the percentage of years) of an event compared to the magnitude 

of the event.  These plots are also presented over time periods representing 2012 

through 2026, 2027 through 2040, and 2041 through 2060. 

(3) Bar charts are used to display the percent of years that met a desired target or the 

percent of years that are within a given category.  The bars are also presented for the 

Baseline as well as each portfolio for time periods representing 2012 through 2026, 

2027 through 2040, and 2041 through 2060. 

Quantitative discussion focuses on either the relative performance or the performance versus a 

prescribed value for individual indicator metrics.  In each case, the performance over time 

without options and strategies (Baseline) is discussed first and then compared to the performance 

with options and strategies (portfolios). In many cases, the performance of individual metrics is 

gauged versus system vulnerabilities.  Qualitative discussions generally use quantitative data 

indirectly to make inferences about potential system performance with respect to the attribute of 

interest.  
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Attachment A — Water Deliveries Metrics’ 
Results 

1.0 Introduction 
System reliability metrics (metrics), defined in Technical Report D – System Reliability Metrics, 
were developed to assess the performance of Colorado River Basin (Basin) resources with and 
without the implementation of options and strategies. Metrics were developed for six resource 
categories (Water Deliveries, Electrical Power Resources, Water Quality, Flood Control, 
Recreational Resources, and Ecological Resources) and for numerous attributes of interest within 
each category.  

This attachment presents summary results for both the quantitative and qualitative metrics 
associated with the Water Deliveries resource category. The Water Deliveries resource attributes 
of interest are shown in table A-1.  

Results are presented by portfolio with all scenario combinations grouped together. In 
accordance with the scenario planning approach employed in the Colorado River Basin Water 
Supply and Demand Study (Study), all scenarios are plausible and results are presented to reflect 
the distribution of outcomes associated with the various scenarios considered.  All scenarios have 
been resampled such that each scenario contributes equally to the distribution.  Results are 
intended to be used to make relative comparisons.  They are not intended to specify absolute 
values. 

Information for each attribute of interest and subsequent metrics is discussed qualitatively or is 
discussed and presented as quantitative information in figures that reflect key outcomes.  Where 
applicable, figures display reference values from Technical Report D – System Reliability 
Metrics. Figures include:  

(1) Box and whisker type plots that show the median, 25th and 75th percentiles and 
include “whiskers” representing the 10th and 90th percentiles.  The statistical data 
for a given “box” represent the metric over all combined supply and demand 
scenarios, unless otherwise noted.  The boxes are presented for the Baseline as 
well as each portfolio for time periods representing 2012 through 2026, 2027 
through 2040, and 2041 through 2060. 

(2) Frequency and magnitude plots showing line plots relating the frequency of 
occurrence (typically the percentage of years) of an event compared to the 
magnitude of the event.  These plots are also presented over time periods 
representing 2012 through 2026, 2027 through 2040, and 2041 through 2060. 
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TABLE A-1 
Water Delivery Metrics 

Attribute of 
Interest Resource Metric Section 

Quantitative 
or Qualitative 

Plot 
Type Location 

Figure 
Number 

Consumptive 
Uses and 
Shortages 

Upper Basin 
Delivery 2.1 Quantitative Annual Upper Basin 

Aggregate A-1 

Upper Basin 
Shortage 2.1 Quantitative Annual Upper Basin 

Aggregate A-2 

Lower Basin 
Shortage 2.1 Quantitative Annual Lower Basin A-3 

Lower Basin 
Delivery 2.1 Quantitative Annual Lower Basin 

Aggregate A-4 

Lee Ferry Deficit 2.1 Quantitative Annual Colorado River at 
Lee Ferry, AZ A-5 

Remaining 
Demands above 
Lower Division 
States’ Basic 
Apportionment 

2.1 Quantitative Annual Lower Basin 
Aggregate A-6 

Tribal Water 
Right Satisfaction 2.2 Qualitative NA Basin-wide NA 

Other Water 
Deliveries 

Navajo Reservoir 
Pool Elevation 3 Quantitative Monthly Navajo Reservoir A-7 

Lake Mead Pool 
Elevation 3 Quantitative Monthly Lake Mead A-8 

Annual Flows at 
Morelos 
Diversion Dam 
Above the 1944 
Treaty Delivery 

3 Quantitative Annual Morelos Diversion 
Dam A-9 

Socioeconomic 
Impacts of 
Shortages 

Socioeconomic 
Impacts of 
Shortages 

4 Qualitative NA Basin-wide NA 
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2.0 Metrics for the Consumptive Uses and Shortages 
Attribute of Interest 

2.1 Quantitative Consumptive Uses and Shortages Metrics 
Consumptive uses and shortages metrics were evaluated at locations throughout the Basin where 
demand nodes exist within the Colorado River Simulation System (CRSS). All consumptive uses 
and shortages metrics are quantitative metrics whose reference values are defined by the 
Estimated Condition quantification method. Specifically, the Estimated Condition reference 
values are based on demand projections for the particular water demand scenario being modeled 
(see Technical Report C – Water Demand Assessment). 
Upper and Lower Basin delivery and shortage are measures of aggregate CRSS-simulated 
consumptive use (delivery) and shortage.  Increasing delivery results in better realization of full 
demand and reduction in shortage.  Figures A-1 through A-4 show results associated with Upper 
and Lower Basin shortage and delivery.  In addition, figures A-5 and A-6 show the Lee Ferry 
deficit (defined for purposes of the Study as the amount of flow less than an aggregate of 75 maf 
over 10 years) and the remaining demand above Lower Division States’ basic apportionment.   

For the Upper Basin, delivery increases over time under the Baseline as demand increases.  
However, shortage also increases under the Baseline, reflecting both the increased demand and 
future supply limitations.  Implementation of each portfolio results in both increased delivery and 
decreased shortage.  Portfolio A and Portfolio B show slightly better performance (increasing 
delivery and reducing shortage) than the other portfolios, likely due to augmentation.  In 
addition, the range of potential shortage and magnitude of shortage appears to be significantly 
reduced with each portfolio.  Of particular interest is that with the implementation of each 
portfolio, shortage in the 2041 to 2060 time period is similar to shortages in the 2012 through 
2026 (first) time period, even with , in general, future increase in demand and reduction in 
supply.   

Figure A-5 shows the number of years where there is a Lee Ferry deficit and the associated 
magnitude.  Under the Baseline, the deficit increases in both frequency and magnitude over time.  
Implementation of each portfolio reduces both deficit frequency and magnitude, with markedly 
better performance under Portfolio A and Portfolio C. Each of these portfolios includes the 
implementation of banking through routing conserved water to a conceptual off-stream storage 
location above Lake Powell.   

For the Lower Basin, delivery decreases and shortage increases under the Baseline over time.  
This reflects future reduced supplies, while demands remain at or above apportionment.  
Implementation of each portfolio increases delivery over time to near the first time period levels 
and reduces median shortage to the first time period levels.  Although median shortage across the 
scenarios is near first time period levels, there is potential for a higher magnitude of shortage 
under more-challenging scenarios.  The Lower Division States currently have demands above 
basic apportionment.  Under the Baseline, these demands increase through time.  As each 
portfolio is implemented, these remaining demands above Lower Division States’ basic 
apportionment are reduced over time from the Baseline.  Further, by the 2041 through 2060 
period, remaining demand above Lower Division States’ basic apportionment is reduced well 
below first time period levels to near zero. 
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FIGURE A-1 
Annual Upper Basin Delivery  

 

FIGURE A-2 
Annual Upper Basin Shortage 

 
 

FIGURE A-3 
Annual Lower Basin Shortage  
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FIGURE A-4 
Annual Lower Basin Delivery 

 
FIGURE A-5 
Annual Lee Ferry Deficit (10-year flow volume less than 75 million acre-feet) 

 
FIGURE A-6 
Annual Remaining Demands Above Lower Division States’ Basic Apportionment 
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2.2 Tribal Water Right Satisfaction 
The assessment of system ability to satisfy tribal water rights, including tribal Central Arizona 
Project entitlements, was not explicitly evaluated due to CRSS’s inability to simulate water 
rights in the Upper Basin and because CRSS does not include individual Central Arizona Project 
users.  Tribal deliveries will be further analyzed in future studies—see the Study Report section 
on future considerations and next steps for additional details. 

3.0 Metrics for the Other Water Deliveries Attribute of 
Interest 

Several other attributes of interest related to water deliveries are important to various 
stakeholders. These attributes were evaluated for locations other than where CRSS demand 
nodes exist (e.g., reservoir elevations) and were therefore placed in this category. These include 
the Navajo Indian Irrigation Project Diversion at Navajo Reservoir, Lake Mead at elevation 
1,000 feet above mean sea level (msl), and flows arriving at Morelos Diversion Dam. 

Figure A-7 shows CRSS simulated monthly Navajo Pool Elevation.  In general, the median pool 
elevation declines over time across the scenarios for the Baseline.  In addition, the 10th 
percentile pool elevations drop by more than 20 feet above msl.  Implementation of each 
portfolio results in higher median pool elevations across the scenarios and an increase in the 10th 
percentile elevations.  Note that the median elevations under Baseline and the portfolios are well 
above the minimum elevation for Navajo Irrigation Project diversion.   

Figure A-8 shows the monthly Lake Mead pool elevation.  Under the Baseline there is a marked 
drop in every month over time in pool elevation.  Implementation of each portfolio results in an 
increase in pool elevation over time across the scenarios.  Portfolio A appears to produce 2041 
through 2060 time period pool elevations at or above the first time period elevations.  However, 
for each of the portfolios, the range in potential elevations increases when compared to the first 
time period; this reflects increasing differences between scenarios through time.   

Figure A-9 presents the annual flows at Morelos Diversion Dam that are above the required 1944 
Treaty delivery.  Under the Baseline, these flows decrease slightly in both magnitude and 
frequency over time.  Implementation of each of the portfolios results in an increase in 
magnitude and frequency over time. 
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FIGURE A-7 
Monthly Navajo Reservoir Pool Elevation  
Minimum Pool Elevation for Navajo Irrigation Project Diversion Reference Value Shown as Solid Red Line 

  

FIGURE A-8 
Monthly Lake Mead Pool Elevation  
Elevation 1,000 ft msl Reference Value Shown as Solid Red Line 
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FIGURE A-9 
Annual Flows at Morelos Diversion Dam Above the 1944 Treaty Delivery 

 

 

4.0 Metrics for the Socioeconomic Impacts of Shortages 
Attribute of Interest 

To quantitatively evaluate socioeconomic impacts of shortage conditions, an economic model 
that relates delivery shortages to employment, income, and tax revenue would be required. This 
model would need to be regional in nature and have the capability to allocate shortages among 
agricultural and municipal and industrial users. Economic models of this type have been built 
and used in the past. However, updating these models to evaluate socioeconomic impacts related 
to delivery shortages is beyond the scope of the Study. For this reason, socioeconomic impacts 
related to shortages are discussed qualitatively. 

An unsure or stressed water supply could increase the potential for reduced economic activity.  
Unsure or reduced water supplies could result in new and existing water-reliant industries to 
locate elsewhere.  Frequent shortage could result in reduced agricultural yield, impacting farm 
income as well as all of the associated industries.  Additionally, as discussed in attachment E to 
appendix G4, reduced reservoir levels and flows could result in a reduction of recreation and 
associated income. 

Figures A-2 and A-3 present Upper and Lower Basin shortage, respectively.  As shown, shortage 
is anticipated to increase in frequency and magnitude over time under the Baseline.  
Implementation of the portfolios indicates that shortage can be mitigated.  For the Lower Basin, 
median shortage over time is similar to the first time period.  However, the range of shortage 
increases significantly as a result of low flow/high demand scenarios.  
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Attachment B — Electrical Power Resources 
Metrics’ Results 

1.0 Introduction 
System reliability metrics (metrics), defined in Technical Report D – System Reliability Metrics, 
were developed to assess the performance of Colorado River Basin (Basin) resources with and 
without the implementation of options and strategies. Metrics were developed for six resource 
categories (Water Deliveries, Electrical Power Resources, Water Quality, Flood Control, 
Recreational Resources, and Ecological Resources) and for numerous attributes of interest within 
each category.  

This attachment presents summary results for both the quantitative and qualitative metrics 
associated with the Electrical Power Resources category.  The Electrical Power Resources 
attributes of interest are shown in table B-1.   

Results are presented on a portfolio basis, in which all scenarios are grouped together. In 
accordance with the scenario planning approach employed in the Colorado River Basin Water 
Supply and Demand Study (Study), all scenarios are plausible and results are presented to reflect 
the distribution of outcomes associated with the various scenarios considered. All scenarios have 
been resampled such that each scenario contributes equally to the distribution.  Results are 
intended to be used to make relative comparisons.  They are not intended to specify absolute 
values. 

Information for each attribute of interest and subsequent metrics is discussed qualitatively or is 
discussed and presented as quantitative information in figures that reflect key outcomes.  Where 
applicable, figures display reference values from Technical Report D – System Reliability 
Metrics.  Figures include:  

(3) Box and whisker type plots that show the median, 25th and 75th percentiles and 
include “whiskers” representing the 10th and 90th percentiles.  The statistical data for 
a given “box” represent the metric over all combined supply and demand scenarios, 
unless otherwise noted.  The boxes are presented for the Baseline as well as each 
portfolio for time periods representing 2012 through 2026, 2027 through 2040, and 
2041 through 2060. 
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TABLE B-1 
Resource Categories and Attributes of Interest 

Attribute of Interest Section 
Quantitative or 

Qualitative Plot Type Location 
Figure 

Number 

Electrical Power 
Generated 

2 Quantitative Annual Upper Basin Aggregate B-1 

Hoover B-2 

Parker and Davis  B-3 

Qualitative Headgate Rock Power 
Plant 

NA 

Economic Value of 
Electrical Power 
Generated 

3 Qualitative NA Basin-wide NA 

Available Generation 
Capacity 

4 Quantitative Monthly 
and Annual 

Upper Basin Aggregate B-4, B-5 

Hoover B-6, B-7 

Parker and Davis B-8, B-9 

Impact on Power 
Rates 

5 Qualitative NA Basin-wide NA 

Water Supply 
System Pumping 
Costs 

6 Qualitative NA Basin-wide NA 

Impact on Basin 
Funds 

7 Qualitative NA Basin-wide NA 

 

2.0 Metrics for the Electrical Power Generated Attribute of 
Interest 

Hydroelectric power generation is directly related to the head on the generating units and the 
quantity of water flowing through the turbines. The net effective head is the difference between 
the water level elevation of the reservoir behind a dam and in the tailwater below the dam. The 
net effective head and flow are the two variables that influence hydroelectric power generation of 
the power plant, measured in megawatts. 

Hydroelectric power is generated at numerous locations throughout the Colorado River Basin 
(Basin). Hydropower plants in the Upper Basin that are modeled in the Colorado River 
Simulation System (CRSS) include the Colorado River Storage Project facilities located at the 
Lake Powell, Flaming Gorge, Blue Mesa, Morrow Point, and Crystal reservoirs, as well as the 
power plant at Fontenelle. Hydropower plants in the Lower Basin include the Hoover, Parker, 
and Davis facilities. 

Figures B-1 through B-3 present the annual electrical power generated as computed in CRSS.  
Upper Basin electrical power generated can be compared to the associated power generation 
contract held by Western Area Power Administration (WAPA) of 4,948 terrawatt-hours.  Figure 
B-1 shows annual electrical power generation for the aggregation of all Upper Basin power 
plants.  Median power generation under the Baseline declines through 2060 to near the contract 
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value.  Implementation of each portfolio increases power generation to conditions in the 2012 
through 2026 (first) time period.   
FIGURE B-1 
Annual Electrical Power Generated, Upper Basin Aggregate  
Power Generation Reference Value is shown as Solid Red Line. 

 

FIGURE B-2 
Annual Electrical Power Generated, Hoover  
Power Generation Reference Value is shown as Solid Red Line. 
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FIGURE B-3 
Annual Electrical Power Generated, Parker and Davis 

 
Figure B-2 shows the Hoover plant’s power generation. Under the Baseline, median 2041 
through 2060 power generation decreases to below the historical 10-year low reference provided 
by WAPA.  Implementation of each portfolio improves power generation.  However, historical 
generation rates are not achieved.   

Figure B-3 shows power generation at the Parker and Davis power plants.  Baseline power 
generation decreases over time through 2060.  Implementation of each portfolio exacerbates this 
reduction, resulting in nearly twice the reduction of power generation over time.  Presumably, 
this reduction in power generation is due to the implementation of desalination and/or reuse 
projects and demand reduction.  With portfolios in place, options such as desalination and reuse 
help meet demands below Parker, resulting in reduced Parker releases and decreased energy 
generation. 

The Headgate Rock Power Plant is located in the Lower Basin below Parker Reservoir.  It is not 
explicitly modeled in CRSS. However, because the reservoir is operated to maintain a relatively 
constant elevation, changes in flow below Parker Reservoir can be used to assess changes in 
power generation.   

Under the Baseline simulation, the median flow below Parker reduces over time, indicating some 
reduction in energy generated at Headgate Rock.  Additionally, as portfolios implement options, 
there tend to be lower releases from Parker compared to the Baseline, once again indicating a 
reduction in energy generation at Headgate Rock.   

3.0 Metrics for the Economic Value of Electrical Power 
Generated 

WAPA markets power and administers power contracts for power produced at hydropower 
facilities owned and operated by the Bureau of Reclamation. The economic value of electrical 
power produced by these facilities is an important measure of system reliability. CRSS calculates 
the quantity of electrical power generated, and this information could be used in post-processing 
analyses to calculate economic value. However, the necessary steps to compute the economic 
value of the electrical power generated was beyond the scope of the Study.  
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Economic value can be assessed qualitatively by examining electrical power generated and 
assuming that increases in power result in additional economic value and decreases in power 
result in a loss of economic value.  Figures B-1 through B-3 present electrical power generation 
for the Upper Basin in aggregate, Hoover Dam, and Parker and Davis.  Under the Baseline, 
power generation declines over time across the scenarios.  Implementation of each portfolio 
results in an improvement in power generation over the Baseline.  However, while Upper Basin 
power generation remains essentially unchanged over time from the first time period, Hoover 
power generation is slightly reduced, and Parker and Davis power generation appears to be 
reduced by around 5 percent.  In aggregate, these results suggest a slight decrease in economic 
value.   

4.0 Metrics for the Available Generation Capacity Attribute 
of Interest 

Available generation capacity is a measure of the maximum amount of power that could be 
produced based on reservoir level and the physical design capacity of the hydropower facility. 
The available generation capacity affects hydropower ramping operations and overall power 
system reliability. Ramping is the change in water release from the reservoir that passes through 
the turbine to meet the electrical load. Both scheduled and unscheduled ramping occur to meet 
variations in real-time electrical loads. WAPA depends on ramping operations to ensure 
electrical service reliability and an uninterrupted power supply. The higher the available 
generation capacity, the more flexibility is available in the ramping operations. Therefore, 
available generation capacity is an important attribute of electrical power resources. Historical 
information about available generation capacity (by month) was evaluated.  

Figures B-4 to B-9 show the monthly and annual generation capacity for the Upper Basin, 
Hoover Dam, and Parker and Davis dams through 2060, as modeled in CRSS.  For the Upper 
Basin aggregate and Hoover Dam, the Baseline generation capacity declines over time, with 
particularly significant declines to at or near zero in the summer months when peak demands 
typically occur.   Implementation of each portfolio results in significant improvements in 
available generation capacity over the Baseline, with most portfolios resulting in available 
generation capacity greater than conditions in the first time period.  The portfolios also 
significantly increase the available power generation capacity in the worst conditions.  In CRSS, 
Parker and Davis are operated to maintain relatively constant pool elevations, which results in a 
constant generating capacity.  Although there is slight variation in the elevations at Parker and 
Davis across scenarios, it (1) generally does not greatly affect the generation capacity and (2) is 
not evident at the scale shown in figures B-8 and B-9. 
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FIGURE B-4 
Monthly Available Generation Capacity, Upper Basin Aggregate. Generation Capacity  
Reference Value is shown as Solid Red Line. 

 
 
FIGURE B-5 
Annual Available Generation Capacity, Upper Basin Aggregate. Generation Capacity  
Reference Value is shown as Solid Red Line. 
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FIGURE B-6 
Monthly Available Generation Capacity, Hoover. Generation Capacity  
Reference Value is shown as Solid Red Line. 

 
FIGURE B-7 
Annual Available Generation Capacity, Hoover. Generation Capacity  
Reference Value is shown as Solid Red Line. 
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FIGURE B-8 
Monthly Available Generation Capacity, Parker and Davis. Generation Capacity  
Reference Value is shown as Solid Red Line. 

 
FIGURE B-9 
Annual Available Generation Capacity, Parker and Davis. Generation Capacity  
Reference Value is shown as Solid Red Line. 

 

5.0 Metrics for the Impact on Power Rates Attribute of 
Interest 

For the Upper Basin, WAPA has firm delivery contracts in place.  When WAPA cannot meet 
these contract amounts, power must be purchased on the open market at substantially higher 
rates.  Projected increased demand and reduced supplies will likely result in increased frequency 
of these power buys, potentially increasing the overall rate for power.  As shown in figure B-1, 
CRSS simulations indicate significantly reduced power generation by 2060 for the Baseline.  
Improvement in power generation occurs with each of the portfolios.  Implementation of each 
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portfolio results in power generation similar to generation in the first time period, with slightly 
worse performance under Portfolio D.  Implementation of each portfolio would likely result in 
little to no change in power rates due to changes in power generation.  

Reduced power generation in the Lower Basin will likely require power purchases on the open 
market.  This increased demand on the market will likely result in an overall increase in market 
rates.  As noted in figure B-2, median power generation at Hoover Dam decreases over the long 
term.  Each of the portfolios reduces this decrease, with Portfolio B resulting in the best long-
term power generation from Hoover Dam and overall generation only slightly reduced from 
generation in the first time period.  This result implies that there may be the need for some 
additional power buys in the Lower Basin with some associated increase in power rates.  

6.0 Metrics for the Water Supply System Pumping Costs 
Attribute of Interest 

Lower water levels in reservoirs may affect pumping power requirements for some entities. 
Examples include the Salt River Project, which extracts cooling water from Lake Powell for the 
Navajo Generating Station; the Southern Nevada Water Authority (SNWA), which diverts water 
from Lake Mead; the Metropolitan Water District of Southern California, which diverts water 
from Lake Havasu through the Colorado River Aqueduct; and the Central Arizona Water 
Conservation District, which also diverts water from Lake Havasu to supply the Central Arizona 
Project delivery area. Based on current reservoir operations and typical utility equipment and 
procedures, there should be little effect on power costs due to changing reservoir levels for most 
of these utilities.  However, because SNWA uses variable speed pumps, changing Lake Mead 
levels could impact pumping costs.   

As shown in figure B-10, CRSS simulations indicate that the median Lake Mead elevation under 
the Baseline is significantly reduced over time.  This reduced elevation would likely result in 
increased pumping costs for SNWA.  All of the portfolios improve Lake Mead elevation and 
reduce the range of variability in elevations through 2060 compared to Baseline results.  
Portfolio A results in the most improvement of Lake Mead elevations through 2060. All of the 
portfolios except for Portfolio D result in 2060 median Lake Mead elevations higher than recent 
elevations, suggesting potential future decreased relative pumping costs for SNWA. 
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FIGURE B-10 
Monthly Lake Mead Pool Elevation 
Elevation 1,000 ft msl Reference Value shown as Solid Red Line 

 

7.0 Metrics for the Impact on Basin Funds Attribute of 
Interest 

A portion of the revenue from the sale of power generated at hydropower facilities is used to 
finance Basin funds, which include the Upper Colorado River Basin Fund, Lower Colorado 
River Basin Development Fund, Colorado River Dam Fund, and the Parker-Davis Account. 
These funds provide revenue for a variety of uses, including the operation and maintenance of 
hydroelectric facilities and associated dams and/or repayment of specific Basin projects or 
programs. A change in the amount of available capacity or energy generation could potentially 
affect the revenue derived from the sale of power and the contributions to the Basin funds.  
Reduced power generation will likely result in a loss of revenue, potentially impacting the noted 
revenue uses. 

As shown in figures B-1 to B-3, CRSS simulations indicate significantly reduced power 
generation and subsequent likely loss of revenue by 2060 for the Baseline.  Improvement in 
power generation occurs with each of the portfolios.  Power generation is essentially maintained 
at or near first time period levels in the Upper Basin and at Hoover Dam, with significant 
reductions at Parker and Davis Dam. These results suggest a likely reduction in overall revenue 
and impact to Basin Funds. 
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Attachment C — Water Quality Metrics’ 
Results 

1.0 Introduction 
System reliability metrics (metrics), defined in Technical Report D – System Reliability Metrics, 
were developed to assess the performance of Colorado River Basin (Basin) resources with and 
without the implementation of options and strategies. Metrics were developed for six resource 
categories (Water Deliveries, Electrical Power Resources, Water Quality, Flood Control, 
Recreational Resources, and Ecological Resources) and for numerous attributes of interest within 
each category.  

This attachment presents summary results for both the quantitative and qualitative metrics 
associated with the Water Quality resource category. The Water Quality resource attributes of 
interest are shown in table C-1.  

Results are presented on a portfolio basis, in which all scenarios are grouped together. In 
accordance with the scenario planning approach employed in the Colorado River Basin Water 
Supply and Demand Study (Study), all scenarios are plausible and results are presented to reflect 
the distribution of outcomes associated with the various scenarios considered. All scenarios have 
been resampled such that each scenario contributes equally to the distribution.  Results are 
intended to be used to make relative comparisons.  They are not intended to specify absolute 
values. 

Information for each attribute of interest and subsequent metrics is discussed qualitatively or is 
discussed and presented as quantitative information in figures that reflect key outcomes.  Where 
applicable, figures display reference values from Technical Report D – System Reliability 
Metrics.  Figures include:  

(4) Box and whisker type plots that show the median, 25th and 75th percentiles and 
include “whiskers” representing the 10th and 90th percentiles.  The statistical data 
for a given “box” represent the metric over all combined supply and demand 
scenarios, unless otherwise noted.  The boxes are presented for the baseline as well 
as each scenario for time periods representing 2012 through 2026, 2027 through 
2040, and 2041 through 2060. 

(5) Frequency and magnitude plots showing line plots relating the frequency of 
occurrence (typically the percentage of years) of an event compared to the 
magnitude of the event.  These plots are also presented over time periods 
representing 2012 through 2026, 2027 through 2040, and 2041 through 2060. 

  



Colorado River Basin 
Water Supply and Demand Study 
 
 

G4-C-2 December 2012 

TABLE C-1 
Water Quality Metrics 

Attribute of 
Interest Section 

Quantitative or 
Qualitative 

Plot 
Type Locations 

Figure 
Number 

Salinity 2 Quantitative Annual Colorado River Below Hoover Dam C-1 

Colorado River Below Parker Dam C-2 

Colorado River At Imperial Dam C-3 

Colorado River near Glenwood 
Springs, CO C-4 

Colorado River near Cameo, CO C-5 

Gunnison River near Grand Junction, 
CO C-6 

Dolores River near Cisco, CO C-7 

Colorado River near Cisco, CO C-8 

Green River at Green River, WY C-9 

Green River near Greendale, UT C-10 

Yampa River near Maybell, CO C-11 

Duchesne River near Randlett, UT C-12 

White River near Watson, UT C-13 

Green River at Green River, UT C-14 

San Rafael River near Green River, 
UT C-15 

San Juan River near Archuleta, NM C-16 

San Juan River near Bluff, UT C-17 

Colorado River at Lees Ferry, AZ C-18 

Colorado River near Grand Canyon, 
AZ C-19 

Virgin River near Littlefield, AZ C-20 

Sediment 
Transport 

3 Qualitative NA Basin-wide NA 

Temperature 4 Qualitative NA Basin-wide NA 

Other Water 
Quality 
constituents 

5 Qualitative NA 
Basin-wide NA 

Socioecono
mic Impacts 
Related To 
Salinity 

6 Qualitative NA 

Basin-wide NA 
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2.0 Metrics for the Salinity Attribute of Interest 
In order to comply with the Clean Water Act, the Colorado River Basin Salinity Control Forum 
(Forum) develops numeric salinity criteria for water below Hoover and Parker dams and at 
Imperial Dam.  The most recent criteria are 723, 747, and 879 milligrams per liter1, respectively 
and were developed in 2011.  In addition, Minute No. 242 of the International Boundary and 
Water Commission provides that the United States ensure that waters delivered to Mexico 
upstream of Morelos Dam have an annual average salinity of no more than 115 parts per million 
±30 parts per million over the average annual salinity of Colorado River waters that arrive at 
Imperial Dam.   

Colorado River Simulation System (CRSS) output for these locations, along with 17 additional 
monitoring locations, is shown in figures C-1 to C-20.  Due to modeling limitations, the results 
shown include only the Observed Resampled and the Paleo Resampled supply scenarios.  In 
examining these results the following broad observations are made:  

1. Negative concentrations – Negative concentrations were reported in some simulations 
for the locations shown in figures C-12 and C-15, which is clearly unrealistic.  CRSS 
models water quality improvements projects (WQIPs), which remove salinity from the 
system, using a constant mass removal.  A negative concentration results if, in any given 
month, the salinity mass in the reach is less than the WQIP’s set removal amount.  This 
modeling limitation will be addressed in the future.  

2. Prescribed conditions (Hoover, Parker, and Imperial, figures C-18 to C-20) – Salinity 
increases under the Baseline, likely due to the increasing demand coupled with reduced 
supply.  The increases are less than 10 percent and do not approach the prescribed 
concentrations.  Implementation of each of the portfolios reduces salinity concentrations 
from the Baseline but does not reduce to 2012 through 2026 concentrations.  

3. Lower concentrations – Three of the locations—Delores River near Cisco, CO 
(figure C-7), Duchesne River near Randlett, UT (figure C-12), and San Rafael River near 
Green River, UT (figure C-15)—result in future salinity concentration reductions under 
the Baseline.  The decrease in Baseline salinity may be due to decreases in demand 
resulting in more available flow for dilution.  Implementation of each portfolio results in 
small future reductions from the Baseline.  At these locations Portfolio B tends to reduce 
concentrations more than the other portfolios.    

4. Same concentrations – In two cases, the White River near Watson, UT (figure-C-13) 
and the Virgin River near Littlefield, AZ (figure C-20), there is little to no change in 
salinity concentration under the Baseline or with implementation of each portfolio.  For 
the White River near Watson, UT, consistent concentrations appear to be due to relatively 
small changes in demand or supply from the Baseline scenario.  For the Virgin River near 
Littlefield, AZ, this effect is due to the fact that this location only considers natural flow 
and is outside of the locations that demands are specifically modeled.   

5. Higher concentrations – For the remaining locations, salinity steadily increases under 
the Baseline and is significantly reduced with the implementation of each portfolio.  
These decreases are due to either demand reduction and/or augmentation, resulting in 

                                                      
1 Flow-weighted average annual salinity. 
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greater overall flow and subsequently more dilution and lower salinity concentrations.  
Two distinct patterns emerge in comparing future portfolio performance related to 
location.  These distinctions are represented by the Colorado River near Glenwood 
Springs, CO and by the Green River at Green River, WY.  For the Colorado River near 
Glenwood Springs, CO, the salinity is reduced from the Baseline but appears to increase 
from Portfolio A to Portfolio D.  This effect is likely due to varying degrees of increased 
dilution in Portfolio A and Portfolio B due to the inclusion of importation options.  For 
the Green River at Green River, WY, salinity is reduced from the Baseline, but Portfolio 
A and Portfolio C appear to perform better with respect to salinity concentration.  This 
effect is likely due to the inclusion of banking in these portfolios which routes conserved 
water to a conceptual off-stream storage location above Lake Powell.  The routing 
increases flow in the reaches resulting in increased dilution. 

FIGURE C-1 
Annual Salinity, Colorado River below Hoover Dam 
Numeric Salinity Criteria Reference Value Shown as Solid Red Line.  

 
  



Attachment C — Water 
Quality Metrics’ Results 

 
 

December 2012 G4-C-5 

FIGURE C-2 
Annual Salinity Colorado River below Parker Dam  
Numeric Salinity Criteria Reference Value Shown as Solid Red Line. 

 

FIGURE C-3 
Annual Salinity, Colorado River at Imperial Dam 
Numeric Salinity Criteria Reference Value Shown as Solid Red Line. 

 

FIGURE C-4 
Annual Salinity, Colorado River near Glenwood Springs, CO 
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FIGURE C-5 
Annual Salinity, Colorado River near Cameo, CO 

 

FIGURE C-6 
Annual Salinity, Gunnison River near Grand Junction, CO 

 

FIGURE C-7 
Annual Salinity, Dolores River near Cisco, CO 
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FIGURE C-8 
Annual Salinity Colorado River near Cisco, CO 

 

FIGURE C-9 
Annual Salinity, Green River at Green River, WY 

 

FIGURE C-10 
Annual Salinity, Green River near Greendale, UT 
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FIGURE C-11 
Annual Salinity, Yampa River near Maybell, CO 

 

FIGURE C-12 
Annual Salinity, Duchesne River near Randlett, UT 

 

FIGURE C-13 
Annual Salinity, White River near Watson, UT 
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FIGURE C-14 
Annual Salinity, Green River at Green River UT 

 

FIGURE C-15 
Annual Salinity, San Rafael River near Green River, UT 

 

FIGURE C-16 
Annual Salinity, San Juan River near Archuleta, NM 
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FIGURE C-17 
Annual Salinity, San Juan River near Bluff, UT 

 

FIGURE C-18 
Annual Salinity, Colorado River at Lees Ferry, AZ 

 

FIGURE C-19 
Annual Salinity, Colorado River near Grand Canyon, AZ 
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FIGURE C-20 
Annual Salinity, Virgin River near Littlefield, AZ 

 

3.0 Metrics for the Sediment Transport Attribute of Interest 
Reservoirs throughout the Basin retain the vast majority of the inflowing sediment. Following 
the completion of the dams, large sediment deltas formed near the inflow areas. When the 
reservoirs are drawn down during droughts, rivers cut new channels through the sediment deltas 
to reach the reservoirs. Generally the greater the reservoir drawdown, the greater the sediment 
delta headcut and the finer the sediment exposed. The resuspended sediments have a significant 
oxygen demand and also temporarily release nutrients, which can result in greater algal growth.  
These impacts can affect overall water quality. 

These potential effects can be qualitatively assessed by examining the variability and magnitude 
of reservoir drawdown.  In examining Lake Mead, pool elevation is shown to reduce over time 
under the Baseline, with very low elevations reached under the 10th percentile (figure C-21).  
Implementing each portfolio increases the expected elevation and dramatically improves the 
potential low elevations over time.  These increased elevations imply that there could be less 
downcutting and subsequent sediment transport issues in the portfolios relative to the Baseline.  
By 2060, implementation of each portfolio results in a higher median elevation than that seen 
today.  This increase implies that in the future, there could be less downcutting than is seen 
presently and therefore less impact due to sediment. 
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FIGURE C-21 
Monthly Lake Mead Pool Elevation 

 

4.0 Metrics for the Temperature Attribute of Interest 
Impounding water in reservoirs affects the water temperature of dam releases as a result of 
thermal stratification. During the summer, the surface layers of the reservoirs are typically warm 
as the result of inflows, ambient air temperature, and solar radiation. Conversely, lower reservoir 
layers remain cooler year-round. For these reasons, water temperatures downstream of reservoirs 
are influenced by reservoir water level, release facility location, and release volumes. Water 
temperature can affect the health of flow- and water-dependent species in the Basin.    

With decreasing storage volumes, water temperatures will generally trend closer to influent flow 
temperatures.  This change reflects a rise in overall temperature from releases.  Under some 
future climate scenarios, this effect will be combined with an increase in ambient temperatures.  
This change could result in reduced habitat for cold water fish species, such as trout, and an 
increase in invasive species predation.   

These potential effects can be qualitatively assessed by examining the variability and magnitude 
of reservoir drawdown.  In examining figure C-21, Lake Mead elevation is shown to reduce over 
time under the Baseline, with very low elevations reached under the 90th percentile.  
Implementing each portfolio increases the expected elevation and dramatically reduces the range 
in elevations over time compared to the Baseline.  This change implies that water temperatures 
from reservoir releases could be cooler under the portfolios when compared to the Baseline.  By 
2060, implementation of each portfolio results in a greater median elevation than seen today, 
implying more storage and potentially cooler temperatures. However, under the downscaled 
GCM supply scenario, ambient temperature would likely increase, potentially diminishing any 
benefit from increased storage volume.   
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5.0 Other Water Quality Attribute of Interest 
Numerous other water quality attributes are of interest to various stakeholders. Changing system 
conditions could potentially affect other water quality attributes such as selenium, dissolved 
oxygen, nutrients, algae, metals, perchlorate, and emerging contaminants.   

As noted in the sediment transport section, lower reservoir volumes and level variability can 
result in greater dissolved oxygen demand, nutrient release, and subsequent algal growth.  
Increased temperatures due to either or both reduced reservoir levels and climate change can also 
exacerbate these issues due to a reduced capacity of warmer water to dissolve oxygen and higher 
potential algal growth rates.  In addition, downcutting of reservoir deltas and sediment release 
could result in resuspension of deposited selenium and metals.  Selenium, metals, perchlorate, 
and emerging contaminants could also have higher concentrations due to lower flows and less 
dilution.  

These potential effects can be qualitatively assessed by examining the variability and magnitude 
of reservoir drawdown.  In examining figure C-21, Lake Mead elevation is shown to reduce over 
time under the Baseline with very low elevations reached under the 10th percentile.  
Implementing each portfolio increases the expected elevation and dramatically improves 
elevations in the worst case supply scenarios.  These improvements imply that there could be less 
downcutting and subsequent sediment transport issues and water temperature issues (e.g., 
dissolved oxygen demand, nutrient release, algal growth, and resuspension of metals).  

Potential changes in concentration of selenium, metals, perchlorate, and emerging contaminates 
can be qualitatively assessed by examining changes in flow.  Lee Ferry deficit can be used as a 
surrogate for flow at Lee Ferry.  Figure C-22, shows Lee Ferry deficit under Baseline and the 
portfolios over time.  In general, Lee Ferry deficit is shown to be more frequent and of greater 
magnitude over time under the Baseline.  Implementing each portfolio increases the expected 
flow over time or rather reduces the frequency and magnitude of Lee Ferry deficit, although 
future flows with the portfolios implemented are still reduced when compared to current 
conditions.  This result implies that less water would be available for dilution of selenium, 
metals, perchlorate, and emerging contaminants.   
Figure C-22 
Annual Lee Ferry Deficit 
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6.0 Metrics for Socioeconomic Impacts Related To Salinity 
Attribute of Interest 

Economic impacts of elevated salinity levels in the Colorado River and its tributaries are not 
calculated by CRSS. Reclamation and the Forum use the Lower Colorado Salinity Damage 
Model to estimate economic damages that result from elevated salinity levels in the Basin. 
Economic damages estimated by this model include changes to crop yields related to agricultural 
water use and impacts due to Municipal and Industrial (M&I) water use, such as reduced useful 
life of water-dependent appliances, increased use of water-softening chemicals, and increased 
purchase of bottled water. The necessary steps to run this economic model using all of the 
Study’s results is beyond the scope of the Study. Therefore, the economic effects due to salinity 
levels were included as a qualitative metric. In addition, EPA has set voluntarily guidelines for 
salinity levels in drinking water supplies with a target of less than 500 mg/L, measured as total 
dissolved solids. Some water providers, notably the Metropolitan Water District of Southern 
California, blend Colorado River water with other water supplies that have lower salinity in an 
attempt to meet these guidelines. When salinity levels are elevated in the Colorado River, the 
ability of M&I water suppliers to meet their target blended salinity is diminished.  

Potential socioeconomic impacts were evaluated qualitatively by examining CRSS results for 
changes in salinity.  Figures C-1 to C-20, illustrate that salinity could increase at almost every 
monitoring point under the Baseline over time.  In most cases, implementing each portfolio 
reduces future salinity compared to the Baseline.  However, in most cases, future salinity 
levels are greater than current levels.  Of particular interest is the salinity at Imperial Dam 
(figure C-20).  It appears that the median salinity could increase by about 25 milligrams per 
liter over current conditions.  This increase could result in negative socioeconomic 
consequences.  However, the predicted values, even for the 10th percentile, are well below 
the numeric criteria of 879 milligrams per liter established for water quality at Imperial Dam. 

Potential economic damages due to increased salinity could include changes to crop yields 
related to agricultural water use and impacts due to M&I water use, such as reduced useful life of 
water-dependent appliances, increased use of water-softening chemicals, and increased purchase 
of bottled water.  
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Attachment D — Flood Control Metrics’ 
Results 

1.0 Introduction 
System reliability metrics (metrics), defined in Technical Report D – System Reliability Metrics, 
were developed to assess the performance of Colorado River Basin (Basin) resources with and 
without the implementation of options and strategies. Metrics were developed for six resource 
categories (Water Deliveries, Electrical Power Resources, Water Quality, Flood Control, 
Recreational Resources, and Ecological Resources) and for numerous attributes of interest within 
each category.  

This attachment presents summary results for the quantitative metrics associated with the Flood 
Control resource category. The Flood Control resource attributes of interest are shown in table 
D-1.  

Results are presented by portfolio with all scenario combinations grouped together. In 
accordance with the scenario planning approach employed in the Colorado River Basin Water 
Supply and Demand Study (Study), all scenarios are plausible and results are presented to reflect 
the distribution of outcomes associated with the various scenarios considered.  All scenarios have 
been resampled such that each scenario contributes equally to the distribution.  Results are 
intended to be used to make relative comparisons.  They are not intended to specify absolute 
values. 

Information for each attribute of interest and subsequent metrics is discussed qualitatively or is 
discussed and presented as quantitative information in figures that reflect key outcomes.  Where 
applicable, figures display reference values from Technical Report D – System Reliability 
Metrics. Figures include:  

(6) Box and whisker type plots that show the median, 25th and 75th percentiles 
and include “whiskers” representing the 10th and 90th percentiles.  The 
statistical data for a given “box” represent the metric over all combined supply 
and demand scenarios, unless otherwise noted.  The boxes are presented for 
the Baseline as well as each portfolio for time periods representing 2012 
through 2026, 2027 through 2040, and 2041 through 2060. 

(7) Frequency and magnitude plots showing line plots relating the frequency of 
occurrence (typically the percentage of years) of an event compared to the 
magnitude of the event.  These plots are also presented over time periods 
representing 2012 through 2026, 2027 through 2040, and 2041 through 2060. 
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TABLE D-1 
Flood Control Metrics 

Attribute of 
Interest 

Resource 
Metric Section 

Quantitative 
or Qualitative Plot Type Location 

Figure 
Number 

Flood Control 
Releases and 
Reservoir 
Spills 

Flood Control 
Release 

2.1 Quantitative Percent 
Exceedance Lake Mead D-1 

Reservoir 
Spills 

2.2 Quantitative Percent 
Exceedance 

Fontenelle D-2 

Flaming Gorge D-3 

Blue Mesa D-4 

Lake Powell D-5 

Lake Mead D-6 

Critical River 
Stages Related 
to Flooding 
Risk 

Flooding Risk 3 Quantitative Monthly Downstream of 
Aspinall Unit D-7 

Downstream of 
Navajo Dam D-8 

Downstream of 
confluence with 
Animas River 

D-9 

Downstream of 
Lake Mead D-10 

 

2.0 Metrics for the Flood Control Releases and Reservoir 
Spills Attribute of Interest 

For Lake Mead, criteria are developed for flood control releases under agreement between the 
U.S. Army Corps of Engineers and the Bureau of Reclamation (Reclamation).  These criteria are 
used to develop system space requirements from August through December and determine 
reservoir releases from January through July. During all months of the year, the top 1.5 million 
acre-feet of space (the space above elevation 1,219.6 feet above mean sea level) is reserved 
exclusively for flood control purposes. Lake Mead is considered to be under flood control 
operations when releases in excess of those necessary to meet water use demands are required to 
make this flood control space available. 

Reclamation also makes “spill avoidance” decisions at other reservoirs that it manages and 
operates. Reclamation typically defines a spill as any amount of water that does not pass through 
the hydropower facilities, including water that is diverted around the dam through bypass piping, 
as well as water that physically passes over the dam spillway.  The primary objective of spill 
avoidance is to minimize the amount of water that does not pass through hydropower facilities.  

The Colorado River Simulation System (CRSS) was used to quantify the frequency and 
magnitude of both flood control releases at Lake Mead and reservoir spills. The reservoir spill 
metrics were quantified at Fontenelle, Flaming Gorge, Blue Mesa, Lake Powell, and Lake Mead 
using the relative comparison quantification method. 

Figure D-1 shows the magnitude and frequency of flood control releases at Mead.  Under the 
Baseline, these releases decrease marginally in both magnitude and frequency over time.  
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Implementation of each portfolio results in a slight increase in both magnitude and frequency of 
flood control releases compared to the Baseline. 

Figures D-2 through D-6 show the magnitude and frequency of reservoir spills for Fontenelle, 
Flaming Gorge, Blue Mesa, Lake Powell, and Lake Mead, respectively.  For Fontenelle and 
Flaming Gorge, there is little discernible difference over time in the Baseline and with the 
implementation of each portfolio.  This consistency is likely due to minimal upstream demands 
and lack of augmentation in the Green River Basin. Blue Mesa, Lake Powell, and Lake Mead all 
show increases in magnitude and frequency of spills over time under the Baseline.  This likely 
results from operating below hydropower capacity, such that continuing to release when 
hydropower generation capacity is reduced is counted as a spill in the same way that exceeding 
reservoir capacity is counted as a spill.  Implementation of each portfolios results in a reduction 
in spills over time – likely due to demand reduction and augmentation that primarily reduce the 
likelihood of low elevations and subsequent low elevation spills.    

2.1 Flood Control Releases from Lake Mead 
FIGURE D-1 
Lake Mead Flood Control Release Percent of Years Exceeding Magnitude 
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2.2 Reservoir Spills 
FIGURE D-2 
 Fontenelle Spill Percent of Years Exceeding Magnitude 

 
FIGURE D-3 
Flaming Gorge Spill Percent of Years Exceeding Magnitude 

 

FIGURE D-4 
Blue Mesa Spill Percent of Years Exceeding Magnitude 
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FIGURE D-5 
Lake Powell Spill Percent of Years Exceeding Magnitude

 

FIGURE D-6 
Lake Mead Spill Percent of Years Exceeding Magnitude 

 

3.0 Metrics for the Critical River Stages Related to 
Flooding Risk Attribute of Interest 

Empirical relationships between flow and flood risk (safe channel capacity) exist downstream of 
Navajo Dam, the Aspinall Unit, and Lake Mead. Reference safe channel capacity values include 
15,000 cubic feet per second (cfs) for the Gunnison River at Delta, Colorado; 5,000 cfs for the 
San Juan River below Navajo Dam; 12,000 cfs for the San Juan near Farmington, NM; and 
28,000 cfs for the Colorado River below Hoover Dam;.  Additional analysis of CRSS output data 
was performed to estimate flooding potential.  Navajo and Mead release in CRSS were used for 
the metrics below Navajo Dam, and below Hoover Dam.  For the San Juan River near 
Farmington, NM, the flow was approximated as the releases from Navajo, plus the natural flow 
above Bluff, Utah minus Colorado’s demands in the San Juan Basin.  Additionally, a gage for 
the Gunnison River at Delta, Colorado does not exist in CRSS; however, a gage location in 
CRSS does exist for the Gunnison River near Grand Junction, Colorado.  A linear model was 
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used to estimate flow at Delta from flow at the Grand Junction gage2.  The model is based on 
historical data and assumes the historical flow relationship between both sites will continue in 
the future. This may not be an appropriate assumption under all future supply/demand 
combinations.  However, the approximation provides a view of possible flows at Delta 
commensurate with the relative comparison nature of the metrics. 
 
Figures D-7 through D-10 present monthly flows for Gunnison River at Delta, Colorado; the San 
Juan River below Navajo Dam; the San Juan near Farmington, NM; and the Colorado River 
below Hoover Dam.  In general, peak flows occur in May and June, with some significant peaks 
in July.  Under the Baseline, flows decrease over time at all locations.  Implementation of each 
portfolio results in increases in flow over time compared to the Baseline.  Only maximum flows 
(exceeding the 90th percentile) on the San Juan River below Navajo Dam approach or exceed the 
safe channel capacity.  These flows occur in May and June from the present period (2012 
through 2026) to the 2041 through 2060 period for the Baseline and each of the portfolios.  
FIGURE D-7 
Monthly Flooding Risk Downstream of Aspinall Unit  
Safe Channel Capacity Reference Value is shown as Solid Red Line.  

 
 
  

                                                      
2 The linear model used to relate Grand Junction flow to Delta flow in cubic feet per second (cfs) was: Delta Flow = .8306*Grand Junction Flow 

– 180.3 cfs.  The R2 value of the model fit to the historical data is 0.98. 
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FIGURE D-8 
Monthly Flooding Risk Downstream of Navajo Dam 
Safe Channel Capacity Reference Value is shown as Solid Red Line. 

 
FIGURE D-9 
Monthly San Juan Flooding Risk Downstream of confluence with Animas River 
Safe Channel Capacity Reference Value is shown as Solid Red Line. 
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FIGURE D-10 
Monthly Flooding Risk Downstream of Lake Mead  
Safe Channel Capacity Reference Value is shown as Solid Red Line. 
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Attachment E — Recreational Resources 
Metrics’ Results 

1.0 Introduction 
System reliability metrics (metrics), defined in Technical Report D – System Reliability Metrics, 
were developed to assess the performance of Colorado River Basin (Basin) resources with and 
without the implementation of options and strategies. Metrics were developed for six resource 
categories (Water Deliveries, Electrical Power Resources, Water Quality, Flood Control, 
Recreational Resources, and Ecological Resources) and for numerous attributes of interest within 
each category.  

This attachment presents summary results for both the quantitative and qualitative metrics 
associated with the Recreational Resources category.  The Recreational Resources attributes of 
interest are shown in table E-1.   

Results are presented on a portfolio basis, in which all scenarios are grouped together. In 
accordance with the scenario planning approach employed in the Colorado River Basin Water 
Supply and Demand Study (Study), all scenarios are plausible and results are presented to reflect 
the distribution of outcomes associated with the various scenarios considered. All scenarios have 
been resampled such that each scenario contributes equally to the distribution. Results are 
intended to be used to make relative comparisons. They are not intended to specify absolute 
values.  

Information for each attribute of interest and subsequent metrics is discussed qualitatively or 
discussed and presented as quantitative information in figures that reflect key outcomes.  Where 
applicable, figures display reference values from Technical Report D – System Reliability 
Metrics.  Figures include:  

(8) Box and whisker type plots that show the median, 25th and 75th percentiles and 
include “whiskers” representing the 10th and 90th percentiles.  The statistical data for 
a given “box” represent the metric over all combined supply and demand scenarios, 
unless otherwise noted.  The boxes are presented for the Baseline as well as each 
portfolio for time periods representing 2012 through 2026, 2027 through 2040, and 
2041 through 2060. 
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TABLE E-1 
Recreational Metrics 

Attribute of 
Interest Section 

Quantitative or 
Qualitative Plot Type Location 

Figure 
Number 

Shoreline Public 
Use Facilities 2 Quantitative Monthly 

Flaming Gorge E-1 

Blue Mesa E-2 

Navajo E-3 

Lake Powell E-4 

Lake Mead E-5 

River and 
Whitewater 
Boating 

3 Quantitative 

Monthly by 
Boating 
Flow Day 
Type 

Colorado River at Glenwood 
Springs, CO E-6 

Dolores River near Cisco, UT E-7 

Colorado River near Cisco, 
UT E-8 

Green River near Greendale, 
UT E-9 

Yampa River near Maybell, 
CO E-10 

Yampa River at Deerlodge 
Park, CO E-11 

Green River at Jensen, UT E-12 

San Juan River near Bluff, UT E-13 

Other 
Recreational 4 Qualitative NA Basin-Wide NA 

Socioeconomic 
Impacts 5 Qualitative NA Basin-Wide NA 

 

2.0 Metrics for the Shoreline Public Use Facilities Attribute 
of Interest 

Figures E-1 through E-5 show box plots of pool elevation at the following reservoirs: Flaming 
Gorge, Blue Mesa, Navajo, Lake Powell, and Lake Mead. Additionally, reference values for 
Shoreline Public Use Facilities, as identified in Technical Report D – System Reliability Metrics, 
are provided for reference. These values represent the current minimum pool elevation for 
operation of major marinas and boat ramps. For Recreational Resources, it is beneficial to 
maintain pool elevations above these reference values. Flaming Gorge (figure E-1) infrequently 
falls below any reference elevation, across all time periods. Further, the impact of portfolios is 
minimal; reflecting the limited option yield above that reservoir. Under the Baseline, Blue Mesa 
pool elevation (figure E-2) spans the four reference elevations, particularly in the second (2027 
through 2040) and third (2041 through 2060) periods. All portfolios show pool elevation 
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improvements, by about 20 feet in the third time period; the lack of difference between portfolios 
is because most options impacting Blue Mesa are common to all portfolios. Baseline Navajo 
median pool elevations (figure E-3) are above all reference values for all months. However, in 
the second and third time periods, the 25th percentile begins to fall below the first reference 
elevation for several months. All portfolios bring the 25th percentile above that threshold, with 
Portfolio A showing the largest change in pool elevation relative to the Baseline. Similar results 
are seen for Lake Powell (figure E-4). Portfolios increased pool elevations enough that the 25th 
percentiles are generally near or above the first reference elevation, while over time the Baseline 
25th percentile fell below several reference elevations. Figure E-5 shows results for Lake Mead. 
Across the three time periods, the Baseline median pool elevation falls from being about 
centered in the reference elevations to being below most.  Portfolios show the greatest impact at 
Lake Mead; by the third time period, pool elevation improved relative to the Baseline by about 
60 feet above mean sea level (msl), bringing median pool elevation generally higher than the first 
time period (2012 through 2026), particularly for Portfolio A and B. 
FIGURE E-1 
Monthly Flaming Gorge Reservoir Pool Elevation 
Shoreline Public Use Facilities Reference Elevations Show as Solid Red Lines. 
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FIGURE E-2 
Monthly Blue Mesa Reservoir Pool Elevation 
Shoreline Public Use Facilities Reference Elevations Show as Solid Red Lines. 

 
FIGURE E-3 
Monthly Navajo Reservoir Pool Elevation 
Shoreline Public Use Facilities Reference Elevations Show as Solid Red Lines. 
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FIGURE E-4 
Monthly Lake Powell Pool Elevation 
Shoreline Public Use Facilities Reference Elevations Show as Solid Red Lines. 

 
FIGURE E-5 
Monthly Lake Mead Pool Elevation 
Shoreline Public Use Facilities Reference Elevations Show as Solid Red Lines. 
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3.0 Metrics for the River and Whitewater Boating Attribute 
of Interest 

Figures E-6 through E-13 show monthly river and whitewater metrics by boating flow day types: 
below acceptable, acceptable low, optimal, acceptable high, and above acceptable boating flow 
days.  The boating flow days increase monotonically with flow; that is, acceptable high boating 
flow days will always be for higher flows than optimal boating flow days.  These values reflect 
the flow aspect of river and whitewater boating quality. The process for computing flow day 
types is described in Technical Report D – System Reliability Metrics. Generally, under the 
Baseline, flows reduce over time and a shift is observed from one flow day type to another. For 
example, the month of June in figure E-8 shows a reduction in the number of acceptable high 
days and an increase in the number of optimal days. Locations that do not follow this trend are 
those directly impacted by reservoir releases (e.g., figure E-9, Green River near Greendale, UT) 
or those locations with limited upstream flow changes (e.g., figure E-10, Yampa River near 
Maybell, CO). These types of locations tend to be the least impacted by the implementation of 
portfolios (e.g., figure E-7, Dolores River near Cisco, UT).  Locations with greater upstream 
option influence generally showed a shift toward higher flow day types with the implementation 
of portfolios. For example, in May of the third time period, the Colorado River at Glenwood 
Springs (figure E-6) shows a substantial shift from mostly below-acceptable boating flow days to 
acceptable-low boating flow days when portfolio results are compared with the Baseline. Similar 
shifts to more-acceptable and optimal boating flow days are evident for the San Juan River near 
Bluff, UT (figure E-13). This was most notable for Portfolio A and Portfolio C, which both route 
conserved water to a conceptual off-stream storage location above Powell as part of the banking 
option. It is noteworthy that across all locations, many of the below acceptable boating flow days 
occur during winter months that are generally less popular for river and whitewater boating. 
While some sites may show a slight shift over time toward more early season (March or April) 
acceptable or optimal boating flow days, most of these boating flow days still occur during the 
summer months, even in the third time period. 
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FIGURE E-6A 
Monthly River and Whitewater Boating by Boating Flow Day Type, Colorado River at Glenwood Springs, CO 
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FIGURE E-6B 
Monthly River and Whitewater Boating by Boating Flow Day Type, Colorado River at Glenwood Springs, CO 
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FIGURE E-7A 
Monthly River and Whitewater Boating by Boating Flow Day Type, Dolores River near Cisco, UT 
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FIGURE E-7B 
Monthly River and Whitewater Boating by Boating Flow Day Type, Dolores River near Cisco, UT 
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FIGURE E-8A 
Monthly River and Whitewater Boating by Boating Flow Day Type, Colorado River near Cisco, UT 
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FIGURE E-8B 
Monthly River and Whitewater Boating by Boating Flow Day Type, Colorado River near Cisco, UT 
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FIGURE E-9A 
Monthly River and Whitewater Boating by Boating Flow Day Type, Green River near Greendale, UT 
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FIGURE E-9B 
Monthly River and Whitewater Boating by Boating Flow Day Type, Green River near Greendale, UT 
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FIGURE E-10A 
Monthly River and Whitewater Boating by Boating Flow Day Type, Yampa River near Maybell, CO 
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FIGURE E-10B 
Monthly River and Whitewater Boating by Boating Flow Day Type, Yampa River near Maybell, CO 
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FIGURE E-11A 
Monthly River and Whitewater Boating by Boating Flow Day Type, Yampa River at Deerlodge Park, CO 
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FIGURE E-11B 
Monthly River and Whitewater Boating by Boating Flow Day Type, Yampa River at Deerlodge Park, CO 
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FIGURE E-12A 
Monthly River and Whitewater Boating by Boating Flow Day Type, Green River at Jensen, UT 
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FIGURE E-12B 
Monthly River and Whitewater Boating by Boating Flow Day Type, Green River at Jensen, UT 

 



Attachment E — Recreational 
Resources Metrics’ Results 

 
 

December 2012 G4-E-21 

FIGURE E-13A 
Monthly River and Whitewater Boating by Boating Flow Day Type, San Juan River near Bluff, UT 
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FIGURE E-13B 
Monthly River and Whitewater Boating by Boating Flow Day Type, San Juan River near Bluff, UT 
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4.0 Other Recreational Attributes of Interest 
Sediment transport affects the recreational experience along Basin rivers and in Basin reservoirs. 
Significant additional analyses (beyond the Colorado River Simulation System [CRSS]) are 
required to model sediment transport. Therefore, in lieu of detailed quantitative analyses, 
qualitative evaluations relating sediment transport to river flows were provided as part of the 
Study. 

As reservoirs are significantly drawn down, sediment can be re-suspended and may result in the 
release of nutrients, possibly enhancing algal blooms.  Riverine sediment transport, therefore, 
can have implications for the quality of recreation experience. In addition, sediment transport can 
affect beach formation and maintenance.  Significant and/or frequent drawdown can lead to 
erosion, loss of beaches, and subsequent negative effects on recreation. These potential effects 
were qualitatively assessed by examining the variability and magnitude of reservoir drawdown. 
In figure E-5, Lake Mead elevation is shown to be lower in general and exhibit a broad range of 
elevations under the Baseline. Further, sedimentation, coupled with lower reservoir levels can 
reduce recreation opportunities by limiting access to certain areas or by creating operational 
challenges to boat ramps and marinas.  

Implementing portfolios increases the expected elevations and reduces the range in elevations 
over time.  These improvements imply that there could be less downcutting and subsequent 
sediment transport issues in the portfolios relative to the Baseline.  By 2060, implementation of 
each portfolio results in a higher median elevation than that of today.  This increase implies that 
in the future, there could be less downcutting than at present and therefore less impact due to 
sediment. 

5.0 Metrics for the Socioeconomic Impacts Attribute of 
Interest 

A reduction in the number of recreational visitors as a result of limited shoreline access or 
reduced river flows could adversely affect local socioeconomics. Rough estimates exist that 
relate reservoir levels or flow conditions to socioeconomic impacts for some areas in the Basin. 
Significant additional analyses (beyond CRSS) are required to model the socioeconomic impacts 
related to reduced recreational use. For this reason, socioeconomic impacts related to reduced 
recreational use of Basin water resources were evaluated qualitatively. 

CRSS simulations indicate that both reservoir levels and flow could be reduced under the 
Baseline.  Figures E-1 through E-5 show portfolio implementation generally increases reservoir 
levels, and figures E-6 through E-13 suggest higher flows over time when compared to the 
Baseline. However, a portfolio is unlikely to exactly maintain historical reservoir levels or flow.  
Timing, magnitude, and location of portfolio options create uncertainty with regard to the 
socioeconomic impacts. In general, as reservoir levels decrease below the level for shoreline 
public use facilities, opportunities for visitation also decrease. However, sizeable fluctuations in 
pool elevation can be as important as an absolute decrease with regard to the maintenance and 
operation of shoreline public use facilities.  As such, a reduction in the range of reservoir levels 
or flow could help to mitigate socioeconomic impacts associated with overall magnitude 
reductions.  
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Attachment F — Ecological Resource 
Metrics’ Results 

1.0 Introduction 
System reliability metrics (metrics), defined in Technical Report D – System Reliability Metrics,  
were developed to assess the performance of Colorado River Basin (Basin) resources with and 
without the implementation of options and strategies. Metrics were developed for six resource 
categories (Water Deliveries, Electrical Power Resources, Water Quality, Flood Control, 
Recreational Resources, and Ecological Resources) and for numerous attributes of interest within 
each category.  

This attachment presents summary results for the quantitative metrics associated with Ecological 
Resources. The Ecological Resource attributes of interest are shown in table F-1.  

Results are presented by portfolio with all scenario combinations grouped together. In 
accordance with the scenario planning approach employed in the Colorado River Basin Water 
Supply and Demand Study (Study), all scenarios are plausible and results are presented to reflect 
the distribution of outcomes associated with the various scenarios considered.  All scenarios have 
been resampled such that each scenario contributes equally to the distribution.  Results are 
intended to be used to make relative comparisons.  They are not intended to specify absolute 
values. 

Information for each attribute of interest and subsequent metrics is discussed and presented as 
quantitative information in figures that reflect key outcomes.  Where applicable, figures display 
reference values from Technical Report D – System Reliability Metrics.  Figures include:  

(9) Box and whisker type plots that show the median, 25th and 75th percentiles and 
include “whiskers” representing the 10th and 90th percentiles.  The statistical data for 
a given “box” represent the metric over all combined supply and demand scenarios, 
unless otherwise noted.  The boxes are presented for the Baseline as well as each 
portfolio for time periods representing 2012 through 2026, 2027 through 2040, and 
2041through 2060. 

(10) Bar charts are used to display the percent of years that met a desired target or the 
percent of years that are within a given category.  The bars are also presented for the 
Baseline as well as each portfolio for time periods representing 2012 through 2026, 
2027 through 2040, and 2041through 2060. 
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TABLE F-1 
Ecological Resource Metrics 

Attribute of 
Interest 

Resource 
Metric Section 

Quantitative 
or Qualitative Plot Type Location 

Figure 
Number 

Flows to 
Support 
Threatened 
and 
Endangered 
Species 

Flows to 
Support 
Threatened 
and 
Endangered 
Species 

2 Quantitative Monthly Yampa River near 
Maybell, CO 

F-1 

Glen Canyon Dam F-2 

Year Type 
Frequency 
and Flow 
by Year 
Type 

Colorado River near 
Cameo, CO 

F-3 and  
F-4 

Gunnison River near 
Grand Junction, CO 

F-5 and  
F-6 

Colorado River near the 
Colorado-Utah Stateline 

F-7 and  
F-8 

Green River near 
Greendale, UT 

F-9 and  
F-10 

Green River at Green 
River, UT 

F-11 and 
F-12 

Duchesne River near 
Randlett, UT 

F-13 and 
F-14 

Year Type 
Frequency 
and 
Percent of 
Years 
Meeting 
Target 

Green River at Jensen, 
UT 

F-9 and  
F-15 

Monthly 
and Annual  

San Juan River near 
Bluff, UT 

F-16 
through  

F-20 
Annual Hoover Dam to Davis 

Dam 
F-21 

Davis Dam to Parker 
Dam 

F-22 

Parker Dam to Imperial 
Dam 

F-23 

Aquatic and 
Riparian 
Habitat 

Instream 
Flow Rights 

3.1 Quantitative Monthly  Taylor River near Taylor 
Park, CO 

F-24 

Gunnison River below 
Crystal Reservoir, CO 

F-25 

Cottonwood 
Recruitment 
Metric 

3.2 Quantitative Annual Dolores River near Cisco, 
UT 

F-26 

San Juan River near 
Archuleta, NM 

F-27 

Green River below 
Fontenelle Reservoir, WY 

F-28 

Green  River near Green 
River, WY 

F-29 

San Rafael near Green 
River, UT 

F-30 

Colorado River near 
Cisco, UT 

F-31 
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TABLE F-1 
Ecological Resource Metrics 

Attribute of 
Interest 

Resource 
Metric Section 

Quantitative 
or Qualitative Plot Type Location 

Figure 
Number 

Aquatic and 
Riparian 
Habitat 

Flow-
Dependent 
Ecological 
Systems 

3.3 Quantitative Year Type 
Frequency 
and Flow 
by Year 
Type 

Yampa River near 
Maybell, CO 

F-32 and 
F-33 

Little Snake River near 
Lily, CO 

F-34 and 
F-35 

Yampa River at 
Deerlodge Park, CO 

F-36 and 
F-37 

White River near Watson, 
UT 

F-38 and 
F-39 

Wildlife 
Refuges and 
Fish 
Hatcheries 

Wildlife 
Refuges and 
Fish 
Hatcheries 

4 Quantitative Flow by 
Year Type 

Browns Park National 
Wildlife Refuge 

F-40 

Seedskadee National 
Wildlife Refuge 

F-41 

Ouray National Wildlife 
Refuge 

F-42 

Annual Havasu National Wildlife 
Refuge 

Table F-2 

Cibola National Wildlife 
Refuge 
Imperial National Wildlife 
Refuge 
Willow Beach Fish 
Hatchery 

 

2.0 Metrics for the Flows to Support Threatened and 
Endangered Species Attribute of Interest 

The Upper Colorado River Endangered Fish Recovery Program and San Juan River Basin 
Recovery Implementation Program (Recovery Programs) are designed to help recover several 
fish species listed as endangered under the federal Endangered Species Act (the Colorado pike 
minnow, the razorback sucker, the bonytail, and the humpback chub) while allowing water 
development to continue in the Upper Colorado and San Juan River Basins.  Flow 
recommendations3 are defined as part of the Recovery Programs; therefore, flows are used as 
metrics for these fish species, and the Recovery Programs’ recommendations provide the 
reference values. Providing flows is only one part of the recovery efforts, which include 
activities such as habitat development, non-native fish control, and monitoring and research. 
Therefore, the relative difference in achieving these flow recommendations across various 
scenarios should not be viewed as the sole means to recover the species.  Many of the Recovery 
Program flow recommendations are for average daily flow rates, whereas the Colorado River 
Simulation System (CRSS) operates at the monthly time step.  Recent research and development 
efforts resulted in the ability to evaluate daily flow targets below Navajo and Flaming Gorge 
Reservoirs (see Technical Report D – System Reliability Metrics, Appendix D3 – Threatened and 

                                                      
3 The flow recommendations were developed based on the best available information at the time. They are subject to change based on continued 

research and adaptive management processes integral to the ongoing recovery efforts.  
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Endangered Species Metrics). For other locations, monthly volumetric targets were developed 
based on the Recovery Program’s flow recommendations.  Assumptions (e.g., hydrologic period 
of record chosen for year type determination) were made to develop those approximations that in 
some cases resulted in flows different than those specified in the reference documents and those 
that exist for regulatory purposes. The inclusion of these approximated flows in the Study should 
not in any way change or affect the flow recommendations that are used for regulatory purposes. 

In addition to metrics based on Recovery Program flow recommendations, metrics also exist for 
Glen Canyon Dam and on the Colorado River below Hoover Dam.  The metric at Glen Canyon 
Dam represents the minimum allowable release specified by the 1996 Glen Canyon Dam Record 
of Decision (Bureau of Reclamation [Reclamation], 1996).  The metrics below Hoover Dam 
represent the permitted changes in point diversions in three reaches specified by the Lower 
Colorado River Multi-Species Conservation Program (Reclamation, 2004). 

The metrics for flows to support threatened and endangered species are separated into two main 
groups: those with single flow targets for all months (e.g. minimum base flows) and those with 
targets that vary by month and/or hydrologic year type.  Figures F-1 and F-2 present results for 
the Yampa River near Maybell, Colorado, and the releases from Glen Canyon Dam, which both 
have minimum flow targets as reference values.  

Of those locations with flow targets that vary by month and/or hydrologic year type, most 
contain two figure types: (1) a year type frequency figure and (2) a figure showing flow volumes 
by month and hydrologic year type.  With the exception of the Gunnison River near Grand 
Junction, Colorado, and the Green River near Greendale and Jensen, Utah, the year type 
frequency figures were developed as follows: 

1. Using annual volumes at the specific gage from the control run (see appendix G3), 
percentiles that separate year types were computed (e.g., the 20th percentile separates the 
“dry” years from “below average” years on at the Colorado River near Cameo, 
Colorado). 

2. Using the annual volumes from the modeled scenarios, each year was binned in its 
respective year type classification, as separated by the thresholds computed in step 1. 

3. The frequency that each year type occurred in each time period was computed. 

For the Gunnison River near Grand Junction, Colorado, the Final Gunnison River Programmatic 
Biological Opinion (U.S. Fish and Wildlife Service [USFWS], 2009) indicates that year types are 
determined by the April through July forecasted inflow into Blue Mesa Reservoir.  Therefore, 
step 1 above was skipped, and step 2 was modified to use the April through July volume and the 
thresholds defined in USFWS (2009) to bin the year types4.  Similarly, the year types for the 
Green River near Greendale, Utah, and the Green River near Jensen, Utah (Jensen), are 
determined by the April through July unregulated inflow into Flaming Gorge Reservoir.  All year 
type frequency figures include reference values indicating the expected frequency of each year 
type as defined by the respective flow recommendations. 

At these locations, a complementary figure displays the flow (or flow volume) at each location 
for each year type and month.  As explained in Technical Report D – System Reliability Metrics, 
                                                      
4 The Aspinall Unit within CRSS is not operated to reflect the Record of Decision for the Aspinall Unit Operations Final Environmental Impact 

Statement (Reclamation, 2012); therefore, model results were not expected to reflect Record of Decision operations. 
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the spring months (typically April though July) are aggregated together.  For each time period 
and month, for each scenario, the flows representing the different year type percentiles were 
grouped together, e.g., the driest 10 percent of Januaries in 2012 though 2026 or the 30th through 
70th percentiles of April though July of 2041 through 2060.  Then, each year type was grouped 
together for all scenarios before the statistics were computed for the box plot.  These figures help 
show the flow variability between and within year types in comparison to the reference values. 

The final metrics that are presented for flows to support threatened and endangered species are 
those for Jensen and the San Juan River near Bluff, Utah (Bluff).  Although these locations are 
largely analogous to those previously described, the daily flow recommendations are able to be 
directly compared using CRSS by disaggregating monthly volumes to plausible daily flow 
patterns instead of having to aggregate daily recommendations to monthly volumes – see 
Technical Report D – System Reliability Metrics for more information.  The ability to directly 
compare disaggregated flows to recommendations changes the way the results can be viewed.  
For the daily flow targets and durations at Jensen, figure F-15 indicates the percent of years that 
were able to meet each flow target.  The flow targets for Bluff include a minimum frequency and 
a maximum interval between occurrences that each flow target should meet and not exceed, 
respectively.  Each flow target at Bluff includes a figure for the frequency of meeting the target, 
and a figure presenting the years since the flow target was last met (years since last occurrence).  
For the years since last occurrence, the historical gage record at Bluff was analyzed to determine 
the last occurrence, rather than starting the count from zero in 2012 (the first modeled year).  
This helps to more accurately present the years since the last occurrence for the first time period 
(2012 through 2026).  Finally, Bluff also includes a minimum base flow target that is presented 
identically to like metrics as previously described. 

Several overarching results are observed at most locations for flows to support threatened and 
endangered species metrics.  To begin, the flow is generally higher in all portfolios than in the 
Baseline, particularly at the 75th and 90th percentiles.  At locations separated by hydrologic year 
type, this trend is more apparent in the wetter year types.  Typically, Portfolios A and C increase 
the flow more than Portfolios B and D; figure F-1 exemplifies this observation, which is due to 
the inclusion of an Upper Basin bank and the routing of conserved water to a conceptual off-
stream storage location above Lake Powell.  At most locations for which the year type frequency 
is shown, in the Baseline, there is an increase in the frequency of dryer year types and a decrease 
in the number of wetter year types through time.  Again, all portfolios help stabilize or reduce the 
frequency of dry year types through time and stabilize or increase the frequency of wet year 
types, compared to the Baseline.  In some cases (e.g., figure F-5), an increase in the frequency of 
wet year types through time within a single portfolio is achieved.   

For Jensen (figure F-15), the frequency that each of the flow targets is met decreases through 
time under the Baseline.  With the implementation of portfolios, the frequency that the flow 
targets are met increases not only as compared to the Baseline, but through time as well.   

The average monthly flows at Bluff (figure F-16) follow the same trends in monthly flows 
discussed previously.  In figures F-17 through F-20, the frequency that flow targets are met and 
the number of years between occurrences are shown for four different flow-duration targets.  In 
all cases, portfolios perform better than the Baseline (i.e., increase the frequency of meeting the 
flow targets, and decrease the number of years between occurrences).  For these metrics, the 
performance across portfolios is similar, with the exception those shown in figure F-18b, which 
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indicates slightly better performance in the third period (2041 through 2060) in Portfolio A, and 
figure F-17a, which indicates slightly worse performance in that period by Portfolio D. 

Figures F-21 through F-23 show the annual flow reductions in three reaches below Lake Mead. 
In all three reaches, the same general trend exists; the Baseline only exceeds the maximum 
allowable flow reduction at the 90th percentile in the third period, and the portfolios all decrease 
the flow reductions, compared to the Baseline.  There is some variability across portfolios, with 
Portfolio B typically performing better and Portfolio D not performing as well. 
FIGURE F-1 
Monthly Flow, Yampa River near Maybell, CO 
Red Lines Indicate the Minimum Reference Value of 120 cubic feet per second (cfs) 
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FIGURE F-2 
Monthly Release from Glen Canyon Dam 
Red Lines Indicate the Minimum Base Flow Reference Value of 6,438 cfs 

 
FIGURE F-3 
Year Type Frequency, Colorado River near Cameo, CO 
Red Lines Indicate Frequency Reference Values 
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FIGURE F-4A 
Flow Volume by Year Type, Colorado River near Cameo, CO 
Red Lines Indicate the Average Monthly Flow Recommendations as Reference Values 
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FIGURE F-4B 
Flow Volume by Year Type, Colorado River near Cameo, CO 
Red Lines Indicate the Average Monthly Flow Recommendations as Reference Values 
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FIGURE F-5 
Year Type Frequency, Gunnison River near Grand Junction, CO 
Red Lines Indicate Frequency Reference Values 
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FIGURE F-6A 
Flow Volume by Year Type, Gunnison River near Grand Junction, CO  
Red Lines Indicate the Low and High Flow Recommendation Approximations as Reference Values 
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FIGURE F-6B 
Flow Volume by Year Type, Gunnison River near Grand Junction, CO  
Red Lines Indicate the Low and High Flow Recommendation Approximations as Reference Values 
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FIGURE F-7 
Year Type Frequency, Colorado River near Colorado-Utah State Line 
Red Lines Indicate Frequency Reference Values 
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FIGURE F-8A 
Flow Volume by Year Type, Colorado River near Colorado-Utah State Line   
Red Lines Indicate the Low and High Flow Recommendation Approximations as Reference Values 
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FIGURE F-8B 
Flow Volume by Year Type, Colorado River near Colorado-Utah State Line   
Red Lines Indicate the Low and High Flow Recommendation Approximations as Reference Values 
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FIGURE F-9 
Year Type Frequency, Green River near Greendale and Jensen, UT 
Red Lines Indicate Frequency Reference Values 
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FIGURE F-10A 
Flow by Year Type, Green River near Greendale, UT  
Red Lines Indicate the Low and High Flow Recommendation Approximations as Reference Values 
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FIGURE F-10B 
Flow by Year Type, Green River near Greendale, UT  
Red Lines Indicate the Low and High Flow Recommendation Approximations as Reference Values  
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FIGURE F-11 
Year Type Frequency, Green River at Green River, UT 
Red Lines Indicate Frequency Reference Values 
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FIGURE F-12A 
Flow Volume by Year Type, Green River at Green River, UT 
Red Lines Indicate the Low and High Flow Recommendation Approximations as Reference Values 
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FIGURE F-12B 
Flow Volume by Year Type, Green River at Green River, UT   
Red Lines Indicate the Low and High Flow Recommendation Approximations as Reference Values 
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FIGURE F-13 
Year Type Frequency, Duchesne River near Randlett, UT 
Red Lines Indicate Frequency Reference Values 
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FIGURE F-14A 
Flow Volume by Year Type, Duchesne River near Randlett, UT  
Red Lines Indicate the Flow Recommendation Approximations as Reference Values 
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FIGURE F-14B 
Flow Volume by Year Type, Duchesne River near Randlett, UT   
Red Lines Indicate the Flow Recommendation Approximations as Reference Values 
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FIGURE F-15 
Percent of Years Meeting Green River near Jensen, UT, Flow Targets 
(a) Represents Dry Year Type Target; (b) Represents Moderately Dry Year Type Target;  (c) Represents Target for All 
Moderately Wet Year Types and 1 in 4 Average Years;  (d) and (e) Represent Two Wet Year Type Targets;  Red Lines Indicate 
Reference Values  
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FIGURE F-16 
Monthly Flow, San Juan River near Bluff, UT 
Red Lines Indicate the Minimum Reference Value of 500 cfs 
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FIGURE F-17 
San Juan River near Bluff, UT, 10 days >= 2,500 cfs 
(a) Percent of Years Meeting Target Flow and (b) Years since Last Occurrence of Target Flow-Duration; Red Lines Indicate (a) 
Minimum Frequency and (b) Maximum Interval Between Occurrences 
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FIGURE F-18 
San Juan River near Bluff, UT, 21 days >= 5,000 cfs 
(a) Percent of Years Meeting Target Flow and (b) Years since Last Occurrence of Target Flow-Duration; Red Lines Indicate (a) 
Minimum Frequency and (b) Maximum Interval Between Occurrences 
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FIGURE F-19 
San Juan River near Bluff, UT, 10 days >= 8,000 cfs 
(a) Percent of Years Meeting Target Flow and (b) Years since Last Occurrence of Target Flow-Duration; Red Lines Indicate (a) 
Minimum Frequency and (b)Maximum Interval Between Occurrences 
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FIGURE F-20 
San Juan River near Bluff, UT, 10 days >= 10,000 cfs 
(a) Percent of Years Meeting Target Flow and (b)Years since Last Occurrence of Target Flow-Duration; Red Lines Indicate (a)  
Minimum Frequency and (b) Maximum Interval Between Occurrences 
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FIGURE F-21 
Annual Flow Reductions, Hoover Dam to Davis Dam 
Red Line Indicates Maximum Allowable Flow Reduction  

FIGURE F-22 
Annual Flow Reductions, Davis Dam to Parker Dam 
Red Line Indicates Maximum Allowable Flow Reduction  
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FIGURE F-23 
Annual Flow Reductions, Parker to Imperial Dam 
Red Line Indicates Maximum Allowable Flow Reduction  

 

3.0 Metrics for the Aquatic and Riparian Habitat Attribute 
of Interest 

3.1 Instream Flow Rights 
The Colorado Water Conservation Board has secured many instream flow rights5 to benefit the 
aquatic and riparian habitat across Colorado.  Figures F-24 and F-25 present the results for the 
locations that instream flow rights coincide with gage locations in CRSS.  Monthly flow at these 
two locations is presented along with reference values for the instream flow rights. 

Figure F-24 indicates that flow on the Taylor River near Taylor Park, Colorado, is generally 
increased by portfolios, compared to the Baseline.  The portfolios also reduce variability (e.g., 
the inner quartile range is reduced), compared to the Baseline.  Figure F-25 indicates that 
portfolios tend to increase flows on the Gunnison River below Crystal Reservoir, compared to 
the Baseline.  However, the variability remains largely the same, owing to the regulated nature of 
the Gunnison River below the Aspinall Unit.  

  

                                                      
5 Available at: http://cwcb.state.co.us/environment/instream-flow-program/Pages/main.aspx. 

http://cwcb.state.co.us/environment/instream-flow-program/Pages/main.aspx
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FIGURE F-24 
Monthly Flow Taylor River near Taylor Park, CO 
Red Lines Indicate Instream Flow Rights 

 
FIGURE F-25 
Monthly Flow Gunnison River below Crystal Reservoir 
Red Lines Indicate Instream Flow Rights 
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3.2 Cottonwood Recruitment 
The cottonwood recruitment metric, developed in coordination with the FWS and The Nature 
Conservancy, is based on the biological premise that conditions that could lead to a successful 
cottonwood recruitment event should occur approximately once every 10 years to sustain the 
cottonwoods and the many riparian facultative species depending on them.  The metric uses 
monthly approximations to estimate physical processes that lead to positive conditions for 
cottonwood recruitment events.  Technical Report D – System Reliability Metrics includes 
additional description of the metric and the steps for computing when positive conditions exist.  
Figures F-26 through F-31 present a count of the years since positive recruitment conditions 
occurred.  To remove the effects of initial conditions (i.e., starting the count at 0 in 2012), the 
historical gage records at the six locations were analyzed using the same methodology employed 
in CRSS to determine the last year that positive conditions existed.  This led to counts greater 
than the 49-year modeling horizon (e.g., figure F-30). 

The Baseline trends vary across the different locations, with sites such as the San Juan River near 
Archuleta, New Mexico (figure F-27), changing very little through time and sites such as the 
Green River near Fontenelle, Wyoming (figure F-28), experiencing longer runs with no positive 
conditions occurring in later time periods.  However, in most cases, portfolios reduce the number 
of years between positive conditions for recruitment occurring, compared to the Baseline.  
Generally, Portfolio B tends to perform better than other portfolios, though the Green River near 
Green River, Wyoming (figure F-29), is a noticeable exception.   
FIGURE F-26 
Years since Positive Conditions Occurred, Dolores River near Cisco, UT 
Red Line Indicates Estimated Condition that Positive Conditions for Recruitment Should Exist Once Every 10 Years 
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FIGURE F-27 
Years since Positive Conditions Occurred, San Juan River near Archuleta, NM 
Red Line Indicates Estimated Condition that Positive Conditions for Recruitment Should Exist Once Every 10 Years  

 
FIGURE F-28 
Years since Positive Conditions Occurred, Green River Below Fontenelle, WY 
Red Line Indicates Estimated Condition that Positive Conditions for Recruitment Should Exist Once Every 10 Years 
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FIGURE F-29 
Years since Positive Conditions Occurred, Green River near Green River, WY 
Red Line Indicates Estimated Condition that Positive Conditions for Recruitment Should Exist Once Every 10 Years  

 
 
FIGURE F-30 
Years since Positive Conditions Occurred, San Rafael River near Green River, UT 
Red Line Indicates Estimated Condition that Positive Conditions for Recruitment Should Exist Once Every 10 Years  
 

 
  



Attachment F — Ecological 
Resource Metrics’ Results 

 
 

December 2012 G4-F-37 

FIGURE F-31 
Years since Positive Conditions Occurred, Colorado River near Cisco, UT 
Red Line Indicates Estimated Condition that Positive Conditions for Recruitment Should Exist Once Every 10 Years  

 

3.3 Flow-dependent Ecological Systems 
Metrics were developed, in coordination with FWS and the Nature Conservancy, to consider 
flow-dependent ecological systems (aggregation of fish health and riparian and aquatic habitat) 
for locations throughout the Basin that are important ecologically, but for which no prescribed 
flow conditions exist.  Several limitations exist with respect to the estimation of these flow 
conditions. First, these ecological systems are supported by many non-flow parameters (for 
example water quality and temperature) that are not considered in the estimated flow-based 
conditions. Secondly, these flow conditions must be aggregated to a monthly time step to meet 
those of CRSS. Additionally, the methodology used to develop these flow conditions depends on 
assumptions behind the hydrologic year-typing.  Acknowledging these limitations, figures F-32 
through F-39 present the year type frequency and the flow by year type for four locations: the 
Yampa River near Maybell, Colorado; the Little Snake River near Lily, Colorado; the Yampa 
River at Deerlodge Park, Colorado; and the White River near Watson, Utah. The year type 
frequency figures were developed as follows: 

1. Using annual volumes at the specific gage from the control run, the percentiles that 
separate year types were computed (e.g., the 20th percentile separates the “dry” years 
from “below average” years at the Colorado River near Cameo, Colorado). 

2. Using the annual volumes from the modeled scenarios, each year was binned in its 
respective year type classification, as separated by the thresholds computed in step 1. 

3. Last, the frequency that each year type occurred in each time period was computed. 

For each time period and month, for each scenario, the flows representing the different year type 
percentiles were grouped together (e.g., the driest 10 percent of Januaries from 2012 to 2026 or 
the 30th through 70th percentiles of Aprils through Julys from 2041 to 2060).  Then, each year 
type for all scenarios was grouped together before computing the statistics for the box plots.   

Regarding year type frequency (figures F-32, F-34, F-36, and F-38), the same general trends are 
observed at all four locations.  Under the Baseline, the frequency of dry years increases through 
time, and the frequency of wet years decreases through time.  However, portfolios generally 
increase the frequency of moderately wet and wet year types and decrease the number of 



Colorado River Basin 
Water Supply and Demand Study 
 
 

G4-F-38 December 2012 

moderately dry and dry year types, both through time and compared to the Baseline.  Typically, 
the frequency of moderately wet and wet year types is highest in Portfolios A and C.  This is 
likely attributable to the banking mechanism that is in place in these portfolios and includes the 
routing of conserved water to a conceptual off-stream storage location above Lake Powell.  
When the conserved water is routed downstream, the flow in the reach increases, therefore 
classifying the year as a wetter year type than would be the case without conservation and 
routing. 

Figures F-33, F-35, F-37, and F-39 present the flow by year type at the four locations.  For 
locations in the Yampa Basin (figures F-33 through F-37), portfolios tend to benefit the flows in 
most year types.  For the White River near Watson, UT (figure F-39), there is little variability 
between portfolios and the Baseline, or across portfolios.  This is attributed to the relatively 
small demands that exist and the lack of any large options or strategies being implemented in the 
White River Basin.  
FIGURE F-32 
Year Type Frequency, Yampa River near Maybell, CO 
Red Lines Indicate Frequency Reference Values 
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FIGURE F-33A 
Flow Volume by Year Type, Yampa River near Maybell, CO   
Red Lines Indicate the Estimated Target Flow Conditions as Reference Values; kaf = thousand acre-feet 
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FIGURE F-33B 
Flow Volume by Year Type, Yampa River near Maybell, CO   
Red Lines Indicate the Estimated  Target Flow Conditions as Reference Values 
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FIGURE F-34 
Year Type Frequency, Little Snake River near Lily, CO 
Red Lines Indicate Frequency Reference Values 
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FIGURE F-35A 
Flow Volume by Year Type, Little Snake River near Lily, CO  
Red Lines Indicate the Estimated Target Flow Conditions as Reference Values 
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FIGURE F-35B 
Flow Volume by Year Type, Little Snake River near Lily, CO  
Red Lines Indicate the Estimated Target Flow Conditions as Reference Values 
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FIGURE F-36 
Year Type Frequency, Yampa River at Deerlodge Park, CO 
Red Lines Indicate Frequency Reference Values 
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FIGURE F-37A 
Flow Volume by Year Type, Yampa River at Deerlodge Park, CO  
Red Lines Indicate the Estimated Target Flow Conditions as Reference Values 
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FIGURE F-37B 
Flow Volume by Year Type, Yampa River at Deerlodge Park, CO  
Red Lines Indicate the Estimated Target Flow Conditions as Reference Values 
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FIGURE F-38 
Year Type Frequency, White River near Watson, UT 
Red Lines Indicate Frequency Reference Values 
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FIGURE F-39A 
Flow Volume by Year Type, White River near Watson, UT  
Red Lines Indicate the Estimated Target Flow Conditions as Reference Values 
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FIGURE F-39B 
Flow Volume by Year Type, White River near Watson, UT  
Red Lines Indicate the Estimated Target Flow Conditions as Reference Values 
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4.0 Metrics for Wildlife Refuges and Fish Hatcheries 
Attribute of Interest 

Metrics and their reference values were developed, in coordination with FWS, for wildlife 
refuges and fish hatcheries in the Basin that have water rights.  In the Upper Basin, reference 
values are based on both the associated water right within the state and historical diversion 
records, and vary by hydrologic year type.  In the Lower Basin, reference values are based on the 
wildlife refuges’ entitlements and historical use, and vary by water demand scenario. 

Figures F-40 through F-42 present the monthly flow for the reaches where the three Upper Basin 
wildlife refuges exist (Browns Park, Seedskadee, and Ouray National Wildlife Refuges 
[NWRs]).  Although the reference values appear to be zero because of the scale of the figures, 
they are, in fact, not zero (see Technical Report D – System Reliability Metrics).  At all three 
locations, the flow is more than sufficient to meet the reference values, and the portfolios tend to 
increase the flow in the reaches. 

The reference values for the three Lower Basin NWRs and the fish hatchery are the requested 
depletions and diversions quantified in the Study.  These demands vary by demand scenario (see 
Technical Report C – Water Demand Assessment). Displaying results for comparison with the 
appropriate reference value would require a scenario-by-scenario presentation. Instead, for these 
metrics, table F-2 presents the percentage of years that do not meet the NWR and fish hatchery 
demands.  Although there are some extreme instances under the Baseline in which the demands 
are not fully met, the demands are met in all years under all portfolios. 
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FIGURE F-40A 
Flow by Year Type, Browns Park National Wildlife Refuge  
Red Lines Indicate the Estimated Conditions as Reference Values; kafm = thousand acre-feet per month  
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FIGURE F-40B 
Flow by Year Type, Browns Park National Wildlife Refuge  
Red Lines Indicate the Estimated Conditions as Reference Values 
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FIGURE F-41A 
Flow by Year Type, Seedskadee National Wildlife Refuge   
Red Lines Indicate the Estimated Conditions as Reference Values
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FIGURE F-41B 
Flow by Year Type, Seedskadee National Wildlife Refuge   
Red Lines Indicate the Estimated Conditions as Reference Values 
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FIGURE F-42A 
Flow by Year Type, Ouray National Wildlife Refuge  
Red Lines Indicate the Estimated Conditions as Reference Values 

 



Colorado River Basin 
Water Supply and Demand Study 
 
 

G4-F-56 December 2012 

FIGURE F-42B 
Flow by Year Type, Ouray National Wildlife Refuge   
Red Lines Indicate the Estimated Conditions as Reference Values 
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TABLE F-2 
Lower Basin National Wildlife Refuges and Fish Hatcheries Percent of Years Not Meeting Requested Depletions and Diversions  

 

Baseline Portfolio A Portfolio B Portfolio C Portfolio D 

Havasu NWR 0 0 0 0 0 

Cibola NWR < 1% 0 0 0 0 

Imperial NWR < 1% 0 0 0 0 

Willow Beach Fish Hatchery 0 0 0 0 0 
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