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ABSTRACT
Lake Powell, along with other reservoirs in the Upper Colorado River Basin, regulate the erratic flows of the Upper
Colorado River, storing water in wet periods for use during multi-decadal dry spells. Reservoirs also integrate the
effects of human activities: consumptive use at or above the reservoir, and releases from the reservoir. In colloquial
terms, a reservoir retains a memory of all of those previous inflows, depletions and outflows and it preserves this
memory until it spills or empties completely. This paper describes and demonstrates the nature of reservoir memory,
explores the physical effects of long-term persistence of reservoir memory, and illustrates what those physical
effects mean for intra-state water management in the Upper Colorado River Basin. The period between the time
Lake Powell spills and subsequently empties is typically several decades in length in this analysis. Reservoir
memory persists for that period, so a small increase in Upper Basin consumptive use or releases from Glen Canyon
Dam will accumulate over that period and eventually lead to a large relative deficit in reservoir storage. Reservoir
memory leads to two policy consequences: 1) A small exceedance of the amount of water legally available for
consumptive use in the Upper Basin can lead to a disruptive curtailment of water use under the terms of the Colorado
River Compact and 2) it is impossible to avoid or comply with a curtailment using involuntary cutbacks under a
prior appropriation water rights system. A “grand bargain” that involves a lower cap on depletions in the Upper
Basin in exchange for forbearance of curtailment by the Lower Basin in the event of shortfalls to the Lee Ferry flow
obligation would eliminate this complication. Market-based voluntary prospective cutbacks and retrospective
settlements are feasible management approaches.

Lake Powell, along with other reservoirs in the Upper Colorado River Basin, regulate the erratic flows of the
Upper Colorado River, storing water in wet periods for use during multi-decadal dry spells. Reservoirs also
integrate the effects of human activities: consumptive use at or above the reservoir, and releases from the
reservoir. In colloquial terms, a reservoir retains a memory of all of those previous inflows, depletions and
outflows and it preserves this memory until it spills or empties completely. This memory has effects on water
management in the Upper Basin that have important policy consequences.
This paper describes and demonstrates the nature of reservoir memory, explores the physical effects of longterm persistence of reservoir memory, and illustrates what those physical effects mean for intra-state water
management in the Upper Colorado River Basin. A hypothetical but plausible physical and institutional scenario
serves as a baseline, which is perturbed in order to illustrate those implications.
This analysis shows that the period between the time Lake Powell spills and subsequently empties is typically
several decades in length; reservoir memory persists for that period, with two physical effects. One is the
accumulation of annual depletions—a small increase in annual depletion will eventually lead to a large deficit in
reservoir storage. The second is the complement of the first: a small incremental increase in annual releases will
also accumulate to a large deficit in reservoir storage. This cumulative process is straightforward, but its policy
impact has not been broadly appreciated.
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This paper addresses two water management consequences that arise from those physical effects. One is that even
a small exceedance of the amount of water legally available for consumptive use in the Upper Basin can lead to a
disruptive curtailment of water use under the terms of the Colorado River Compact, and it is impossible to avoid
such a curtailment through involuntary cutbacks to water use without harm to senior water rights. To do so would
require perfect foresight.
A “grand bargain” that involves a lower cap on depletions in the Upper Basin in exchange for forbearance of
curtailment by the Lower Basin in the event of shortfalls to the Lee Ferry flow obligation could eliminate this
consequence (CRGI, 2013; Kenney, 2019; Kuhn, 2012; Wheeler, 2019). Market-based voluntary prospective
cutbacks and retrospective settlements are feasible management approaches.

1. Reservoir Memory
Figure 1 illustrates reservoir memory by comparing a baseline case with a perturbed case where additional
depletions are assumed to occur upstream of the reservoir.
Figure 1 presents three situations that illustrate how the effect of additional depletions would persist in reservoir
storage, accumulate over time, be transferred to outflow when the reservoir spills or empties, and then persist in a
cumulative measure of outflow (a five-year running total in this illustration). In the first situation, an additional
depletion of 2 units in Year 3 reduces storage compared to baseline conditions by the same amount, and that
effect persists until the reservoir spills in Year 6 and transfers the effect to outflow. The effect then persists in the
5-year cumulative flow through Year 10. In the second situation, an additional depletion of two units in Year 8
reduces storage compared to baseline conditions by the same amount. In Year 10 an additional depletion of 1 unit
further reduces storage, bringing the total accumulated reduction of storage compared to baseline conditions to
three units, which persists until Year 14, when the reservoir empties under baseline conditions. The effect of
reduced storage then transfers to outflow and persists through Year 18 in the cumulative flow. In the third
situation, an additional depletion of 3 units reduces reservoir storage in Year 20. In Year 22, the reservoir spilled
2 units under baseline conditions so outflow is reduced by that amount. In Year 23, when the reservoir spilled 3
units under baseline conditions, the remaining 1 unit of the storage effect is transferred to outflow. Altogether,
the effect of this depletion persists in the cumulative flow from Year 22 through Year 27.
For clarity, Figure 1 represents a neat and simple set of conditions. The longest period over which depletions
accumulate in the reservoir is 6 years in the second situation. On the Colorado River, the results of this study
suggest that the typical period from when Lake Powell spills to when it empties, extends over decades, so even
small increases in annual Upper Basin consumptive use (or small increases in annual releases at Glen Canyon
Dam) will lead to significant reductions in storage. The remainder of this report provides quantitative
illustrations, based on a plausible but hypothetical context, of the importance of the interplay between depletions,
releases and reservoir memory.

2. The Upper Colorado River Basin Context
The Colorado River system is managed and operated in accordance with the “Law of the River”, which consists
of compacts, treaties, federal and state statutes, court decisions and decrees, contracts, and regulations. See
MacDonnell, et al. (1995), Wilbur and Ely (1933), Wilbur and Ely (1948), Nathanson (1978) and Verburg (2010).
A comprehensive and convenient compilation is at Weisheit (2010).
The Colorado River Compact (1922) and the Upper Colorado River Basin Compact (1948), the principal
elements of the Law of the River, set constraints on consumptive use of water in the Upper Basin of the Colorado
River. A water treaty with Mexico (1944) created a federal obligation to deliver water from the Colorado River
system at the international border.
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Figure 1. Reservoir Memory. This figure illustrates how reservoir memory affects storage and outflow, and how memory is
transferred from the reservoir to the outflow when a reservoir spills or empties. In all three panels, the top of each column
represents baseline conditions; the hatched portion of a column is the effect of an additional upstream depletion and the solid
portion is the resulting storage or flow. Additional depletions occur in Year 3 (2 units), Year 8, (2 units), Year 10 (1 unit) and Year
20 (3 units). Panel 1): The effect of a depletion persists in the reservoir until it spills (years 6, 22 and 23) or empties (Year 14).
Panel 2): In years 6, 14, 22 and 23, all or part of the effect of additional depletion is eliminated from storage and transferred to
outflow. Panel 3): The effect persists in the 5-year cumulative flow.

Article II of the Colorado River Compact defines the Colorado River System and divides it into the Upper
Basin and the Lower Basin. Lee Ferry, a point on the Colorado River main stem one mile below the mouth of the
Paria River, divides the two basins. Article II also partitioned the states into the Upper Division (Colorado, New
Mexico, Utah and Wyoming) and the Lower Division (Arizona, California and Nevada)1
Article III(a) of the Colorado River Compact apportions to each basin 7.5 million acre-feet (maf) per year of
consumptive use of the waters of the River. Article III(b) grants an additional apportionment of 1 maf per year of
consumptive use to the Lower Basin.
The Mexican Water Treaty of 1944 established a federal obligation to deliver 1.5 maf of water per year to
Mexico. Article III(c) of the Colorado River Compact sets out terms by which that treaty obligation would be

1

Arizona includes a small portion of the Upper Basin while New Mexico and Utah each include a small portion
of the Lower Basin.
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shared between the Upper Division and the Lower Division--some portion of that federal delivery obligation may
be the responsibility of the States of the Upper Division.
Article III(d) of the Colorado River Compact sets out the terms of an obligation on the states of the Upper
Division not to cause the 10-year cumulative flow at Lee Ferry to be depleted below 75 maf. This flow obligation
will likely be the limiting constraint on consumptive use in the Upper Basin. The framers of the Compact
expected that annual natural flows at Lee Ferry would typically substantially exceed 16 maf, which would satisfy
the apportionments in Article III(a) and (b), and the obligations in Articles III(c) and (d), and leave a surplus, but
that expectation is now understood to have been optimistic (Kuhn and Fleck, 2019).
Article VIII of the Colorado River Compact exempts Present Perfected Rights (PPRs) in the Upper Basin from
the apportionment and obligations set out in Article III.
The principal reservoir in the Upper Basin is Lake Powell, with a current active capacity of 20.3 maf,
impounded behind Glen Canyon Dam, about 18 miles above Lee Ferry. Construction of Glen Canyon Dam,
closed in 1963, added another layer to the Law of the River in the form of operating rules (Reclamation, 1970)
legislated as part of the Colorado River Basin Project Act (1968), as subsequently updated (Verburg, 2008).
What might be the future interpretation of each of the elements of the Law of the River, and how they may be
implemented, is broadly contentious and their precise nature will only be resolved by negotiation or prolonged
litigation, or both (Robison and Kenney, 2012).

3. About this Study
This analysis involves the interplay among elements of the Law of the River, Upper Basin consumptive use of
water and the physical behavior of Lake Powell. Because future inflows are unknown and unknowable,
consumptive use in the Upper Basin cannot be managed by prospective involuntary cutbacks in a way that does
not harm relatively senior water rights and permit undue depletions by relatively junior water rights. It is possible
to mitigate such inevitable harm through retrospective accounting and settlement, but this presents considerable
complexity, disruption and difficulty.
This consequence is illustrated quantitatively using a sensitivity analysis. In order to do so, a set of
assumptions about inflow hydrology, water use and the law of the river were adopted, and are described in
subsequent sections. Estimates of water availability to the Upper Basin are necessary as the measure of this
sensitivity, but those estimates are not presented as a prediction of the true future water supply situation on the
Colorado River.
Accordingly, this study uses a simplified set of assumptions regarding operating rules at Glen Canyon Dam,
and particular assumptions about inflow hydrology and consumptive use demand in the Upper Basin.
Assumptions about the Law of the River are the most problematic. The simple truth is that there can be little
certainty about what exactly will become the Law of the River—that will be fought out over decade upon decade
of litigation, by long and intense negotiation, or some combination of both. The flow requirement at Lee Ferry is
the most significant legal assumption. The average water supply available in the Upper Basin corresponds
directly to this assumption. The Article III(d) ten-year non-depletion obligation is disputed due to the tension
between it and the apportionment in Article III(a) and due to uncertainty about how this obligation should be
interpreted if natural flow is reduced by climate change while depletions in the Upper Basin remain unchanged.
There is also substantial uncertainty and controversy about the apportionment of the Mexico delivery in Article
III(c) (Kenney, 2010).
Only slightly less uncertain are the true future hydrologic conditions under climate change. The reconstructed
flows used here represent an assumption of stationarity wherein the mean and variability of future flows will be
similar to the historical and prehistorical past. Climate change makes this assumption untenable. Although it is
possible that future long-term average Colorado River flows will be greater than the current historical average,
such an increase is very unlikely (Harding, et al., 2012; Udall and Overpeck, 2017).
All of these assumptions will be disputed in one way or another by virtually every stakeholder in the Colorado
River Basin. However, these simplified and particular assumptions are considered adequate for the objectives of
Lynker Technologies, LLC
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this analysis. While the magnitude and pattern of the effects quantified herein will change with different
assumptions, particularly with respect to inflow hydrology and the Law of the River, it is very unlikely that these
effects would vanish.

1.1. Upper Basin Yield and Entitlement
The physical effects and management consequences of reservoir memory are quantified in this study using the
water supply yield to the Upper Basin. Yield may be limited by the physical supply and the capacity of the
physical system (physical availability), or by legal constraints (legal availability). In this study the physical
supply, natural inflows above Lee Ferry, and the physical system, reservoirs above Lee Ferry, are held constant in
all analyses. Consequently, differences in yield to the Upper Basin between different analyses reflect only
changes in legal availability. Accordingly, the yield resulting from a given set of assumptions about the Law of
the River is referred to here as the legal entitlement of consumptive use to the Upper Basin under those particular
assumptions. Entitlement is used in this study not as a legal term, but as a conceptual measure to compare the
effects of different sets of assumptions.
In general terms, if the flow at Lee Ferry falls below the obligations set out in Article III(c) and Article III(d)-however these may eventually be interpreted--consumptive use in the Upper Basin must be curtailed to the degree
necessary to offset any flow shortfall, except that PPRs are not subject to curtailment (Article IV, UCRBC, 1948).
The constant annual amount of natural flow that is available for consumptive use in the Upper Basin after a spill
at Glen Canyon Dam, while just avoiding curtailment, is used here as the quantification of the water entitlement
of the Upper Basin2.

4. Approach
The physical implications of reservoir memory in the context of the Upper Colorado River Basin are illustrated by
applying a water balance model consistent with the U.S. Bureau of Reclamation’s 2007 Hydrologic
Determination (Reclamation, 2007a) to estimate the occurrence of compact curtailments in a Baseline Scenario
where the system is simulated under a set of plausible assumptions about the Law of the River, about Upper Basin
consumptive use, and about inflow hydrology. The results of this Baseline Scenario are analyzed to illustrate why
reservoir memory would prevent the use of prospective priority administration of state water rights to avoid or
comply with the consequences of a shortfall to the flow obligation at Lee Ferry. That Baseline Scenario is then
altered by reducing consumptive use in the Upper Basin to create an Alternative Scenario. Comparison of results
between the Baseline Scenario and the Alternative Scenario illustrate the effect of intra-state water management.
The approach employed here (“Water Balance Model”) is an automation of the annual water balance method
used by Reclamation for the 2007 Hydrologic Determination, and was developed by reverse-engineering the
results published in Reclamation (2007a). A similar approach, also based on the 2007 Hydrologic Determination,
was used in the Colorado River Water Availability Study, Phase I (CWCB, 2012) and the Colorado River Water
Bank Feasibility Study Phase 1 (MWH, 2012). Those previous analyses did not examine the two issues central to
this analysis.
The Hydrologic Determination water balance is an annual model of the water balance above Lee Ferry,
including inflows, carryover reservoir contents, reservoir releases, reservoir evaporation, and Upper Basin
consumptive use. The Hydrologic Determination water balance is subject to the physical constraints on reservoir
storage in the Upper Basin, assumptions about the non-depletion flow obligation at Lee Ferry, and assumptions
about apportionment of the federal delivery obligation to Mexico. It covers a study period of 1906 through 2000,
and is based on a record of annual natural flows over that period. The details of the 2007 Hydrologic
Determination water balance, and some of its limitations, are set out in Appendix A.

2

Yield or entitlement will differ from one inter-spill period to another, and can be calculated over longer periods
encompassing multiple inter-spill periods, in which case it will be determined by the driest inter-spill period.
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1.2. Water Balance Model
The Water Balance Model used in this work implemented equations 1 – 5, of the 2007 Hydrologic Determination
(Appendix A) to perform an annual water balance at Lee Ferry. The single inflow is the natural flow at Lee Ferry,
the outflows are Upper Basin consumptive use (including Upper Basin PPRs), the Lee Ferry flow obligation, a
portion of the Mexican Treaty delivery obligation, and shared CRSP reservoir evaporation. Table 1 shows the
conceptual priority of outflows as adopted in the Baseline Scenario is as follows (1 being the highest priority).
The Water Balance Model was validated against the Hydrologic Determination water balance as described in
Appendix B. Specific elements of the model are as follows.
Table 1. Priority of Outflows
Priority
1
2
3
4
5
6
7

Outflow
Reservoir evaporation,
Upper Basin consumptive use under Present Perfected Rights,
The Upper Division Article III(c) portion of the Mexican Treaty Water delivery obligation,
The Article III(d) Lee Ferry flow obligation,
Upper Basin consumptive use under non-PPRs,
Glen Canyon Objective Minimum Release, and
Reservoir storage.

Both scenario simulations are forced with the 1244-year (762-2005) reconstruction of prehistoric natural flows
at Lees Ferry reported in Meko, et al. (2007). This is the reconstruction used in Appendix N of the Final
Environmental Impact Statement for the Colorado River Interim Guidelines for Lower Basin Shortages and
Coordinated Operations for Lake Powell and Lake Mead (Reclamation, 2007b), the Colorado River Water
Availability Study, Phase I (CWCB, 2012) and in the Colorado River Basin Water Supply and Demand Study
(Reclamation, 2012). Its use here facilitates comparison with those earlier reports.
The reconstructed flows from Meko et al. (2007) are based on a functional relationship between chronologies
of tree-ring indices and historical natural flows. Meko et al. (2007) state that the reconstruction was based on
flows at Lee Ferry (the compact point), and the supplemental information provided with the journal article
describes the dataset as such, but data downloaded from the treeflow.info web site (treeflow.info, 2018; Rice et
al., 2009) includes metadata that indicate that the reconstruction is based on natural flows at Lees Ferry. The
reconstructed flows in both datasets are identical when rounded to the same precision. However, the data in both
datasets labeled as observed flows are inconsistent between the two datasets and both are inconsistent with flows
at either Lee Ferry or Lees Ferry in the current natural flow dataset from the U.S. Bureau of Reclamation
(Reclamation, 2019).
These inconsistencies, though not large, introduce some uncertainty with respect to the basis for the
reconstruction. Based on information from one of the authors of Meko et al. (2007), the reconstruction has been
assumed to be based on the Lees Ferry gage (Lucas, 2019).
The Lees Ferry gage is located approximately one mile above the mouth of the Paria River and approximately
two miles above the compact division point at Lee Ferry. Flows at the Lees Ferry gage are assumed to be equal to
releases from Glen Canyon Dam. When Lees Ferry flows are used to force the Water Balance Model, the Lee
Ferry flow obligation is reduced by 20,000 af/year, the average natural flow from the Paria River at its mouth, so
that compliance with the Lee Ferry flow obligation can be assessed against Glen Canyon releases.

1.3. Upper Basin Consumptive Use Demand
Upper Basin consumptive use demand is a constant parameter representing an estimate of the total annual amount
of consumptive use resulting from full supply of all water rights in the Upper Basin, including the 50,000 af of
Upper Basin consumptive use entitled to Arizona. Upper Basin consumptive use is net of shared CRSP
evaporation. Units are af. In the Baseline scenario, Upper Basin Consumptive Use Demand was set to 5.79 maf,
consistent with Run 2 of the 2007 Hydrologic Determination (Appendix A, Table A1).
Lynker Technologies, LLC
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1.4. Quantification of Present Perfected Rights
Article VIII of the Colorado River Compact exempts Present Perfected Rights (PPRs) from the apportionment and
obligations set out in Article III. Kuhn (2012) offers an estimate of 2.267 maf for the amount of consumptive use
associated with Upper Basin PPRs, based on work by the Upper Colorado River Basin Commission. That value
was used in this simulation. This quantification does not account for extensive tribal water rights that constitute
PPRs without being put to use and that could confound curtailments based on water right priorities.
The Water Balance Model constrains curtailments to protect consumptive use under PPRs in the Upper Basin.
The effect of PPRs is to provide a reliable minimum supply of water in the Upper Basin, but the tradeoff is that
curtailment spells are extended.

1.5. Article III(c) Mexican Treaty Delivery Obligation
Article III(c) of the Colorado River Compact sets out rules by which the 1.5 maf/year federal delivery obligation
to Mexico should be apportioned between the Upper Division and Lower Division states. Interpretation of these
provisions is controversial (Kenney, 2010). The federal obligation is often assumed to be equally apportioned
between the Upper and Lower Divisions, but under the most severe interpretation, the Upper Division states may
bear transits losses on its share of the delivery obligation and may thus owe more than 0.75 maf/year at Lee Ferry
(Wigington, 2019). A conventional interpretation of Article III(c) is that the Mexican Treaty delivery is an annual
obligation. This analysis assumes that the Upper Division states are obligated to deliver 0.75 maf per year at Lee
Ferry as their share of the federal delivery obligation to Mexico.

1.6. Article III(d) Lee Ferry Flow Obligation and the Mexican Treaty Delivery Obligation
Article III(d) of the Colorado River Compact restricts the Upper Basin from depleting the flow passing Lee Ferry
below an aggregate of 75 maf in any running ten-year period. This requirement is not without controversy
(Kenney, 2010; Kuhn, 2007.
As a simplifying assumption, the Hydrologic Determination water balance treated the Article III(d) ten-year
flow obligation on an annual basis (7.5 maf/year) and lumped that obligation with an assumed quantification of
the Upper Basin share of the Mexican delivery obligation of 0.75 maf/year, to create a composite annual flow
obligation of 8.25 maf. This composite flow obligation was used in four runs to assess compliance with the
Compact and the Mexican Treaty on a year by year basis3. This year-by-year approach does not guarantee
compliance with the cumulative obligation of Article III(d) but in none of these runs did the flow at Lee Ferry
over a ten-year period fall below the implied ten-year composite cumulative flow obligation of 82.5 maf, thereby
maintaining compliance with the assumed cumulative flow obligation of Article III(d) of 75 maf and the assumed
annual delivery obligation of 0.75 maf/year under the Mexican Treaty.
Although treating the Lee Ferry flow obligation on a year-by-year basis was sufficient for the 2007 Hydrologic
Determination, doing so will not assure compliance with the assumption of a ten-year cumulative flow obligation
under more severe conditions. Accordingly, the Water Balance Model assesses compliance with Article III(d)
and Article III(c) by comparing the ten-year running sum of Lee Ferry flows against an assumed ten-year
composite Lee Ferry flow obligation of 82.5 maf. Using this ten-year composite obligation simplifies the
simulation, but whether or not this assures compliance with Article III(c) depends on the relative priorities
assumed for obligations under Article III(d) and Article III(c). As described earlier, the Water Balance Model
assumes that the Mexican Treaty delivery obligation is satisfied ahead of the Article III(d) flow obligation.
Consequently, the assumed Upper Basin Article III(c) obligation will be satisfied unless the simulated flow at Lee
Ferry in any year falls below 0.75 maf.
For consistency with Meko et al., 2007, the lumped Article III(d) and (c) ten-year flow obligation was
quantified as 82.3 maf at Lees Ferry, and Upper Basin compliance with that obligation was evaluated using Glen
3

The 2007 Hydrologic Determination also included four analyses that used a composite annual Lee Ferry flow
obligation of 7.50 maf. This reflects the assumption that the Upper Basin will make no contribution to the federal
delivery obligation to Mexico. See Appendix A, Table A1.
Lynker Technologies, LLC

Electronic copy available at: https://ssrn.com/abstract=3480751

Page 7

RESERVOIR MEMORY COMPLICATES WATER MANAGEMENT IN THE UPPER COLORADO RIVER BASIN
DRAFT NOVEMBER 4, 2019

Canyon releases (equivalent to Lees Ferry flows). These assumptions are consistent with most other analyses,
including Reclamation (2007a), MWH (2013) and CWCB (2012).
In both the Baseline and Alternative Scenarios, Upper Basin depletions are only curtailed, and shortages
reported, when necessary to satisfy a shortfall to the lumped ten-year Lee Ferry flow obligation.

1.7. Glen Canyon Dam Release
This analysis adopts a simplifying assumption about the operating rules at Glen Canyon Dam that is based on the
Objective Minimum Release (OMR) as set out in the Criteria for Coordinated Long-Range Operation of Colorado
River Reservoirs (Reclamation, 1970, now superseded; see also Colorado River Basin Project Act, section 602(a),
1968). The OMR is based on annualization of the Article III(d) obligation (7.5 maf per year) lumped with an
assumed quantification of the Upper Basin’s share of the federal Mexican delivery obligation (0.75 maf/year) for
a total annual flow of 8.25 maf, as measured at Lee Ferry. Because Lee Ferry is located one mile below the
mouth of the Paria River, which provides an average inflow of 20,000 acre-feet (af), the OMR is set to 8.23 maf.

1.8. Reservoir Capacity
All major reservoirs above Lee Ferry are assumed to be available to maintain flows past Lee Ferry, and are
simulated as a single, lumped reservoir (Reclamation, 2007a, Appendix B). Reclamation (2007a) provides
estimates of lumped reservoir capacity in 2007 and in 2060, based on estimates of sediment accumulation. For
each time frame, Reclamation (2007a) provides estimates of storage capacity above the river outlets (live
capacity) and above the minimum level at which hydropower generators can be operated (active capacity). Table
2 shows these values.
Table 2. Reservoir Capacity
Live Capacity (af)
Active Capacity (af)

2007
35,233,298
30,167,576

2060
33,833,590
29,530,030

In both scenarios, lumped reservoir capacity was assumed to be 29.53 maf, representing active capacity
available in 2060 (capacity above the power pools), considering estimated sedimentation.

1.9. Evaporation
Under Article V(b)(1) of the 1948 Upper Colorado River Basin Compact, evaporation from Lake Powell, Flaming
Gorge Reservoir, and the Aspinall Unit is shared among the Upper Division states based on the states’ percentage
compact shares set out in Article III(a)(2) (shared CRSP evaporation). Evaporation at all other Upper Basin
reservoirs is considered part of Upper Basin consumptive use. (Evaporation from Navajo Reservoir, part of the
CRSP, is chargeable to New Mexico based on the consumptive use of the Navajo supply within that state, and is
also included in Upper Basin consumptive use.) Reclamation (2007a) documents two equations used for
calculating shared CRSP evaporation as a function of storage in the lumped reservoir, one for use when
simulating active reservoir capacity and the second for use when simulating live reservoir capacity. These
equations are documented in Appendix A (Equations 6 and 7).
Regression analysis determined that shared CRSP evaporation reported in Reclamation (2007a) was based on
the average of reservoir contents at the beginning of the year and reservoir contents at the end of the year.
Because year-end storage depends on the estimate of reservoir evaporation, an iterative approach is currently used
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for the annual simulation; referring to Appendix A, equations 1-4 and 6 or 7 are iterated to convergence within 5
af to determine year-end storage.
Because active reservoir capacity was used in this simulation, Equation 6 (Reclamation 2007a, Appendix A)
was used to estimate reservoir evaporation.

1.10. Curtailments
Curtailments are the amount by which Upper Basin consumptive use demand must be reduced in any year in
order to comply with an assumed composite flow obligation at Lee Ferry.

1.11. Baseline Simulation
In the Baseline Scenario, the Water Balance Model Upper Basin Consumptive Use Demand was set to 5.79 maf,
consistent with Run 2 of the 2007 Hydrologic Determination (Appendix A; Reclamation, 2007a).

1.12. Alternative Scenario
The Alternative Scenario is identical to the Baseline Scenario except Upper Basin Consumptive Use Demand was
set to 5.0 maf. This level was determined to be the sustainable level through the most severe dry spell in the study
period. Higher levels of Upper Basin Consumptive Use Demand could be sustained through other less severe dry
spells.

5. Results
This section reports the results of the water balance simulations. Estimates of curtailment are reported for the
Upper Basin as a whole.

1.13. Baseline Scenario
Table 3 reports the statistics of independent curtailment spells (as opposed to nested curtailment spells, explained
below). Over the course of the 1244-year simulation, 25 independent curtailment spells occurred, with lengths of
1-5 and 9 years. The average intensity (the average annual curtailment for the length of the spell) was 2.1 maf
and the weighted average length of the 25 spells was 2.2 years. The frequency (probability) of entering a
curtailment spell and the return interval of a curtailment spell are 2%/year and 50 years, respectively. Generally,
frequency decreases as spell length increases, though only one spell occurred for each length of 4, 5, and 9 years.
Table 3. Independent Curtailment Spells (Baseline Scenario)
Spell
Length
(years)

Events
(#)

Average
Intensity
(maf)

Frequency
(%/year)

Return
Interval
(years)

1
2
3
4
5
9
all

10
10
2
1
1
1
25

1.9
2.0
2.0
2.5
2.4
2.4
2.1

0.8
0.8
0.2
0.1
0.1
0.1
2.0

124
124
622
1244
1244
1244
50

The single 9-year curtailment spell is separated from a 2-year curtailment spell by a single year during which
about 1 maf was stored in Lake Powell. Considering the entire 12-year period as a single curtailment spell, the
average intensity was about 2.1 maf.
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Table 3 shows the statistics of all curtailment spells, including nested spells, from one to nine years in length.
Nested spells are those contained within an independent spell. Any spell of length s contains s-n+1 spells of
length n. For example, in a nine-year independent spell there are two nested 8-year spells, three nested seven-year
spells, and so on.
Table 3. Nested Curtailment Spells (Baseline Scenario)
Spell
Length
(years)

Events
(#)

1
2
3
4
5
6
7
8
9

54
29
14
9
6
4
3
2
1

Frequency
(%)

Return
Interval
(years)

Average
Intensity
(maf)

Conditional
Probability
(%)

Probability
of
Additional
Year(s)
(%)

4.3%
2.4%
1.1%
0.7%
0.5%
0.3%
0.2%
0.2%
0.1%

23
43
89
138
207
311
415
622
1244

2.1
2.4
2.6
2.7
2.6
2.6
2.6
2.6
2.4

44%
24%
11%
7%
5%
3%
2%
2%
1%

56%
32%
20%
13%
8%
5%
2%
1%
--

Curtailment occurred in a total of 54 years whereas independent spells began in only 25 years, so the
frequency of being under curtailment in any year is about 5%, roughly twice the probability of entering a multiyear curtailment spell. This is because 44 of the 54 total curtailment years are contained in multi-year spells.
The overall probability of nested spells along with their average intensity are appropriate for estimating longterm reliability, but over shorter time horizons reservoir content influences the expected probability of
curtailments. Current reservoir content is a state variable that sets the initial conditions for the future, and the
probability of a future curtailment spell increases as reservoir content decreases, so low reservoir content has skill
in estimating the probability of future curtailments. Similarly, because curtailments occur when reservoir storage
is zero (active storage in this case), the conditional probability that a spell will continue has useful skill.
Table 2 shows that the frequency of entering an independent curtailment spell of any length is about 2%.
However, once a spell has begun, the conditional probability shown in Table 3 is the expected probability of the
length of the spell. For example, the probability that the spell that has just begun will last exactly one year or
exactly two years is 44% and 25% respectively (the conditional probabilities in the table do not sum to 100% due
to rounding). Accordingly, the probability that a spell of length s will last one or more years longer is the sum of
the conditional probabilities of spells of length greater than s; 56% for a spell that has just begun. These values
are shown in Table 3, Probability of Additional Years (the values are inconsistent with the conditional
probabilities due to rounding). For example, if a curtailment spell is currently in its second year, the probability
that it will extend to three years or longer is 32 percent. These conditional probabilities provide important
information for water management during a curtailment.

1.14. Alternative Scenario
There were no curtailments in the Alternative Scenario.

6. Discussion
Under the assumptions adopted by the baseline simulation, the Upper Basin can expect a curtailment with an
intensity of about 2 maf roughly every 50 years (an annual probability of about 2 percent). Once that curtailment
starts, the probability that it will last at least one additional year is over 50 percent, and the probability that it will
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last at least two additional years is about one-third. The most severe dry spell in the study period was from 1121
to 1183. That period contained the longest curtailment produced by this simulation, 9 years (but that 9-year spell
was followed by one non-curtailment year and then by a 2-year curtailment spell.) These 12 years of curtailment
occurred during the most severe dry spell in the study period.

1.15. Reservoir Memory Confounds Administration
What happens during the interim period between a spill and the next curtailment has important consequences for
administration of intra-state water rights in the Upper Basin. In this simulation, interim periods range in length
from 9 years to 80 years and average 46 years. Increasing consumptive use or decreasing inflow will shorten
interim periods, and vice versa.
Lake Powell constitutes the memory of all depletions in the Upper Colorado basin and all releases from Glen
Canyon Dam4 over an interim period. This effect confounds administration of water rights for the purpose of
avoiding or complying with a curtailment.
A curtailment may be precipitated by a spell of low flows, but it is by definition caused by depletions that
exceed the Upper Basin entitlement5. The states in the Upper Basin won’t know with certainty their true
entitlement until luck runs out and a spell of low flows precipitates a curtailment, and the depletions that caused
that curtailment may have occurred decades earlier. Even small long-term exceedance of entitlement will result in
large curtailments. For example, if the Upper Basin entitlement is exceeded annually by only 50,000 af, less than
one percent of total depletions in the Basin, over the average interim period of 46 years between spill and
curtailment in this simulation, the consequence is a curtailment that is over 2 million acre-feet.
The challenge for a state engineer administering water rights in an Upper Basin state under the prior
appropriation system is that when a curtailment takes place the state has already depleted too much water6. It is
axiomatic that consumptive use beyond a state’s entitlement represents depletions by junior water rights. With
perfect foresight, the state engineer could have avoided curtailment by applying, at the moment Lake Powell
stopped spilling, the perfect call against those junior depletions, resulting in the perfect prospective cutback that
brings the state’s cumulative consumptive use equal to its entitlement, thus avoiding a curtailment.
In the real world, foresight is non-existent beyond the seasonal time frame. Inter-annual variability of
Colorado River flows is predominantly random, and attempts to forecast flows on an inter-annual basis have not
produced actionable information. Seasonal forecasts of runoff exhibit useful skill, based on knowledge of
antecedent soil moisture at the beginning of the winter, and accumulated snow-water-equivalent as the year
progresses. Forecasts of streamflow for the next year have only a little skill (arising from knowledge of soil
moisture at the start of snow accumulation). No useful skill has been demonstrated by forecasts of year two,
much less the multi-decadal scale that would be necessary to estimate, in advance, the Upper Basin entitlement.
The penalty for this real-world lack of foresight is either foregone benefits (from overly conservative
management) or, more likely, harm to relatively senior non-PPRs from even slight overestimates of the
entitlement, as noted earlier.
Simulation, however, offers perfect hindsight and allows calculation of what the true consumptive use
entitlement for the Upper Basin would have been for a particular period. This is done by calculating the
maximum consumptive that will just avoid a curtailment over the period between two spill events. The difference
in any year between actual consumptive use and the true entitlement is the amount that should have been cut back
had perfect foresight been available. Figure 1 uses one interim period from the baseline simulation to illustrate
the consequences if no effort is taken to avoid an Article III(d) curtailment. Actively trying to avoid a curtailment
may result in a less severe outcome, but cannot eliminate all harm to senior non-PPRs. For example, the “trigger”
approaches based on reservoir levels that have been suggested in Colorado might provide the means to avoid a
4

The effect of evaporation is also integrated into Lake Powell storage.
Whether or how much depletions exceed entitlement in a simulation depends on the assumptions used; the
amounts reported here are a function of the specific assumptions used in this analysis.
6
Assuming no other state’s depletion is disproportionate under Article III(a)(2) of the Upper Colorado River
Basin Compact (1948).
5
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curtailment, but if they are based on involuntary cutbacks, the progressively more severe cutbacks used in such an
approach would mean that non-PPR juniors would enjoy higher depletions before the triggers went into place and
as they escalated, while non-PPR seniors would suffer undue cutbacks later in the process.
Streamflows cannot be forecast with skill, but low reservoir contents can be used to forecast curtailments with
progressively greater skill as storage is reduced. This is the principle on which the trigger approaches work. An
active market trading consumptive use forbearance or offsets among PPRs, non-PPR seniors and non-PPR
juniors, a sort of futures market, could serve to mitigate or even avoid a curtailment, or to settle residual inequities
after curtailment occurs. These approaches are analogous to augmentation plans for conjunctive use of
groundwater. However, if decades have passed since a spill, it is possible that the supply of offset or forbearance
credits would be insufficient to settle all cumulative inequities, in which case the price of augmentation would
exceed the means of some non-municipal non-PPR-juniors. This suggests that without higher stakes many water
users would simply not settle their overdrafts. Disciplined enforcement of “water bankruptcy”, along the lines of
the closure of wells with inadequate augmentation plans in the South Platte basin, might lead to a workable
approach to reduce harm to compact-seniors. More sophisticated market-based “futures” approaches can be
envisioned.

Figure 1. Inevitable harm to non-PPR senior water rights. The two cases in this figure illustrates the harm to senior non-PPR
water rights from cutbacks necessary to comply with an Article III(d) curtailment. The dotted gold line shows the assumed steady
Upper Basin consumptive use demand of 5.8 maf. The solid gold line represents the resulting reservoir contents, and the gold
hatched columns represent the cutbacks necessary to comply with the resulting curtailment. The corresponding blue lines represent
the consequences of “perfect” administration with a constant cutback of Upper Basin consumptive use to 5.0 maf from spill to spill;
there are no curtailments in this case. The amount of the steady cutback, 0.8 maf, represents consumptive use under junior non-PPR
rights. Without this prefect cutback, curtailments cause substantial undue cutbacks of senior non-PPR rights. Without such a
cutback, all non-PPR rights must be shut down in years 1148 and 1150. This is the most severe dry spell in the study period;
smaller cutbacks would be necessary in other less severe dry spells.

Retrospective settlement systems are in use, but in situations that are much less complex and mature with
much less exposure to drawn out litigation.
The idea of a “grand bargain” on the Colorado River compares favorably with the alternatives described
above: unavoidable harm to non-PPR seniors with consequential controversy and litigation, or the complexity and
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disruptive nature of market-based anticipatory or retrospective settlement approaches. In one concept of a grand
bargain the Upper Basin would agree to a lower firm cap on annual Upper Basin consumptive use and the Lower
Basin would, in exchange, agree not to call for water at Lee Ferry (CRGI, 2013; Kenney, 2019; Kuhn, 2012;
Wheeler, 2019). Administering water rights to comply with a firm cap on depletions would be done on a year-toyear basis. This has the advantage of being possible, and is also comparatively much easier and far less disruptive
than conceivable alternatives.
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