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Mission Statements 
 
The U.S. Department of the Interior protects America’s 
natural resources and heritage, honors our cultures and 
tribal communities, and supplies the energy to power our 
future. 
 
The mission of the Bureau of Reclamation is to manage, 
develop, and protect water and related resources in an 
environmentally and economically sound manner in the 
interest of the American public. 
 
The U.S. Army Corps of Engineers Mission is to deliver 
vital public and military engineering services; partnering 
in peace and war to strengthen our Nation’s security, 
energize the economy and reduce risks from disasters. 
 
Sandia Laboratory Climate Security program works to 
understand and prepare the nation for the national security 
implications of climate change. 
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Note Regarding this West-Wide Climate Risk Assessment – Impact 
Assessment 
 
The Upper Rio Grande Impact Assessment is a reconnaissance-level assessment 
of the potential hydrologic impacts of climate change in the Upper Rio Grande 
Basin. For this study, to isolate the impacts of climate change from other changes 
that may occur within the basin, Reclamation has assumed that current water 
operations by all water-management entities acting in the Upper Rio Grande 
Basin would continue unchanged in the future. This assessment does not consider 
any operational changes that may or may not be made by basin stakeholders in the 
future and does not reflect the position of any entity regarding future operational 
changes. The results should not be interpreted as an indication of actions that 
Reclamation or other entities may or may not take to maintain compliance 
with environmental laws such as the Endangered Species Act or National 
Environmental Policy Act, or with Interstate Water Compacts. Possible adaptation 
and mitigation strategies to address imbalances in future water supply and 
demand in the basin may be considered in a subsequent Basin Study, which 
would include interested stakeholders. 
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Executive Summary 
 
Background and Purpose 
 
In the Upper Rio Grande Basin of Colorado and New Mexico, the water 
management challenges posed by a highly variable and extremely limited water 
supply have been exacerbated by prolonged drought. Water managers are asking 
whether the hot and dry conditions experienced in the Upper Rio Grande Basin in 
the past several years are related to climate change, and whether, as a result, water 
management planning should incorporate the possibility of a hotter, drier, and 
more variable future. The Bureau of Reclamation (Reclamation), with technical 
assistance from the U.S. Army Corps of Engineers (USACE) and Sandia National 
Laboratories conducted the Upper Rio Grande Impact Assessment (URGIA) as a 
way to begin to answer such questions. 
 
The Upper Rio Grande Impact Assessment (URGIA) is an activity of the West-
Wide Climate Risk Assessment (WWCRA), which is a component of the 
Reclamation WaterSMART Basin Study Program. The Basin Study Program 
is aimed at addressing section 9503 of the SECURE Water Act (SWA) and 
Secretarial Orders 3289 and 3297, supporting the U.S. Department of the 
Interior’s coordinated response to the hydrologic implications of a changing 
climate. The SWA designates Reclamation to assess the risks to water supplies 
and demands posed by climate change, including changes in snowpack, in timing 
and quantity of runoff, in groundwater recharge and discharge as well as changes 
in demands and consumptive usage within major Reclamation river basins in the 
Western United States. Baseline analyses of these conditions are being performed 
under the WWCRA Impact Assessments and are being expanded, in cooperation 
with local water-management partners, through Basin Studies. 
 
 
Objectives, Scope, and Uncertainty 
 
The URGIA includes a detailed evaluation of the climate, hydrology, and water 
operations of the Upper Rio Grande Basin of Colorado and New Mexico, along 
with a quantitative evaluation of the potential impacts associated with climate 
change on streamflow, water demand, and water operations in this basin. 
 
The URGIA focuses on the Upper Rio Grande Basin, defined for this study as 
the Rio Grande and its tributaries from the headwaters of the Rio Grande and 
Rio Chama in Colorado to Caballo Reservoir in south central New Mexico 
(locations are shown in Figure 1 in the main report). In this portion of the 
Rio Grande Basin, snowmelt runoff is the major contributor to streamflow. 
 



Technical Memorandum 
West-Wide Climate Risk Assessment: Upper Rio Grande Impact Assessment 
 
 

S-ii Reclamation, USACE, and 
Sandia National Laboratories 

This Impact Assessment presents an overview of the current climate and 
hydrology of the Upper Rio Grande, an analysis of observed trends in temperature 
and precipitation over the past decade, and a comparison of these trends against 
model projections. It also presents hydrologic projections developed from global 
climate models, which have been used as input to a local operations model to 
evaluate the ways that the projected climatic and hydrologic changes would 
impact water availability and management within the Upper Rio Grande. Specific 
risks to water supplies and demands posed by climate change, and evaluated in 
this study, include changes in snowpack, timing and quantity of runoff, 
groundwater recharge and discharge, as well as changes to evaporation, 
transpiration, and other water demands. These risks are then evaluated in terms 
of their potential impacts on key water operations and uses within the basin, as 
required by the SWA, including: 
 

• Water and power infrastructure/operations 
• Water delivery 
• Flood control operations 
• Water quality 
• Fish and wildlife habitat 
• Endangered Species Act (ESA) listed species and critical habitat 
• Flow and water-dependent ecological resiliency 
• Recreation 

 
This Impact Assessment purposefully assesses the potential impacts of climate 
change alone and does not attempt to project what future development or 
management actions may be, including how population may change, how power 
generation may evolve, or how land use, including the amount and type of 
irrigated agriculture, may change. While factors such as these will undoubtedly be 
affected by climate change, they are also changing due to societal factors that are 
independent of climate change. It is anticipated that this information will serve as 
a foundation for future studies focused on developing strategies to adapt to and 
mitigate climate change impacts. 
 
The projections presented here are based on reasonable assumptions about our 
future. Since we do not know how humans are going to behave, what energy 
sources they will be using, or how much carbon dioxide they will emit into the 
atmosphere, there is uncertainty associated with any projection of future climatic 
changes. Furthermore, the hydrologic projections presented in the URGIA are 
built upon a series of analytic steps: starting with Global Circulation Models 
(GCM) runs at a global scale, with downscaling and bias correction to make the 
results usable at a local level, followed by land surface modeling (rainfall-runoff) 
at a basin scale, and finally operations modeling at the river network level. Each 
of these steps represents a conceptual simplification of a complex physical system 
that is imperfectly understood. In addition, statistical methods are employed to 
connect the three different model types—and each statistical transformation of the 
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output increases the uncertainties associated with the model results.  Still, the 
projections of potential hydrologic impacts of climate change generated under the 
URGIA are reasonable based on the information available to date, are consistent 
with other projections developed for this basin, and provide a sound basis for 
initial conceptualization of adaptation measures. 
 
 
Observed Climate Trends 
 
To assess the current rate of temperature and precipitation change in the Upper 
Rio Grande and to evaluate how these rates of change compare to model 
projections, temperature and precipitation data from 35 climate stations in the 
U.S. Global Historical Climatology Network database were analyzed. Over the 
period 1971 through 2011, average temperatures in the Upper Rio Grande Basin 
rose at a rate of just under 0.7 degrees Fahrenheit (°F) per decade, a rate 
approximately double the global rate of temperature rise (Rahmstorf et al. 2012). 
Such rates of warming are unprecedented over the last 11,300 years (Marcott 
et al. 2013). This rate of warming has the potential to cause significant 
environmental harm and change the region’s hydrology. 
 
 
Projected Trends in Climate, Hydrology, and 
Water Demand 
 
In future years, pronounced changes in climate are anticipated for the Upper Rio 
Grande. The climate modeling used to support this study suggests that average 
temperatures in the Upper Rio Grande Basin may rise by an additional 4 to 6 °F 
by the end of the 21st century. These model simulations do not consistently 
project changes in annual average precipitation in this basin, but they do project 
changes to the magnitude, timing, and variability of inflows to the system. Such 
precipitation changes, coupled with temperature-driven increases to evaporative 
demands within the system, are expected to cause significant changes in the 
available water supply and demand. 
 
For this study, Reclamation developed projections of the hydrologic impacts of 
these modeled climate changes for the Upper Rio Grande Basin over the rest of 
this century. These projections present a picture of changing hydrology for 
the Upper Rio Grande, with implications for water management, human 
infrastructure, and ecosystems. Although there are uncertainties in the details, 
some general patterns are clear. The list below discusses possible implications 
of those general patterns. 
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• Decreases in overall water availability. Supplies of all native sources to 
the Rio Grande are projected to decrease on average by about one third, 
while flows in the tributaries that supply the imported water of the 
San Juan-Chama Project are projected to decrease on average by about 
one quarter. 
 

• Changes in the timing of flows. The seasonality of flows is projected to 
change. Anticipated changes include earlier snowmelt runoffs as well as 
increased variability in the magnitude, timing, and spatial distribution 
of streamflow and other hydrologic variables. Projections indicate 
that this basin will experience a decrease in summertime flows and 
less of a decrease (or potentially even an increase) in wintertime 
flows. 
 

• Increases in the variability of flows. All simulations used in this study 
project an increase in the month-to-month and inter-annual variability of 
flows over the course of the century. The frequency, intensity, and 
duration of both droughts and floods are projected to increase. 

 
Water operations modeling for the Upper Rio Grande Basin using these 
hydrologic projections as input suggests that increasing water demands within the 
basin will exacerbate the gap between supply and demand. Such changes would 
lead to water management challenges for Reclamation and other water managers 
within the Upper Rio Grande Basin. 
 
 
Impacts on Water Management 
 
The decreases in supply, changes in magnitude and seasonality of flows, and 
increases in the availability of water supply projected in this study will present 
considerable challenges for water management within the Upper Rio Grande 
Basin. Such challenges are evaluated in this URGIA in terms of the parameters 
defined in the Secure Water Act (SWA), including: 
 

• Water Infrastructure and Operations, and Water Delivery. The 
reduced surface-water inflows to the Upper Rio Grande Basin, 
coupled with increases in the demand for irrigated agricultural and 
riparian vegetation, are projected to result in decreased reservoir 
storage throughout the system, with commensurate impacts on water 
delivery. 
 

• Hydropower Generation. Lower flows and lower reservoir levels 
associated with climate change are projected to lead to less hydropower 
generation. The projected decrease is substantial, from an initial 
generation within the Upper Rio Grande system of around 15 megawatts, 
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the rate drops almost 50 percent to around 8 megawatts by the end of the 
21st century, with most of the decrease coming during the months of May 
through September. 
 

• Flood Control Operations. Floods are projected to become more extreme 
with climate change, and thus flood control operations would be needed 
more often in the future, even as overall supplies decrease. 
 

• Water Quality. Concentrations of nitrogen, phosphorus, suspended 
solids, and salt may increase in the future in response to increased 
evaporation rates for surface water and increased precipitation intensity, 
which would wash a greater volume of pollutants into the river, despite a 
decreased overall flow volume. 
 

• Fish and Wildlife Habitat, Including Endangered Species Act (ESA) 
Listed Species and Critical Habitat. Climate change is projected to 
reduce available water in the Upper Rio Grande system. This reduction in 
water is expected to make environmental flows in the river more difficult 
to maintain, and reduce the shallow groundwater available to riparian 
vegetation. Both of these impacts have implications for the habitat of fish 
and wildlife in the Upper Rio Grande Basin riparian ecosystems. 
 

• Flow and Water-Dependent Ecological Resiliency. Ecological and 
human systems within the basin already operate close to thresholds 
(i.e., points at which small changes could have larger-scale repercussions) 
related to available water supply. It is possible that some systems in the 
basin have already crossed ecological thresholds. In the future, as 
projected water supplies decrease and demands increase, water availability 
thresholds may be crossed—causing additional key systems to undergo 
regime shifts. 
 

• Recreation. The availability of water-based recreation at Reclamation and 
USACE reservoirs and river-based recreation, including whitewater 
rafting and fishing, may be negatively impacted by the projected decreases 
in flows. Moreover, increased temperatures may increase the usage of 
available water-based recreational opportunities. 
 

• The Rio Grande Compact. Analyses presented in this report assume that 
Colorado would use its ability for priority administration to assure its 
obligations are met under the Rio Grande Compact. The analyses assume 
that New Mexico would take additional management actions to meet its 
obligations under the Rio Grande Compact, although in this study, 
Reclamation makes no assumptions about what those management actions 
would be.  The irrigation system would be significantly impacted. 
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Summary of Impacts for Water Management 
 
The projections presented in the Upper Rio Grande Impact Assessment present a 
picture of changing hydrology for the Upper Rio Grande, with implications for 
water management, human infrastructure, and ecosystems. Although there are 
uncertainties in the details, some general patterns are clear.  This section 
summarizes possible implications of those general patterns. 
 
First, our usable, manageable water supply is projected to decline. We anticipate a 
loss of winter snowpack, which will result in a decrease in water supply, as well 
as a decrease in our ability to store the water supply that we do have for use 
during the summer irrigation season. There will also be an increase in all outside 
demands (including agricultural, riparian, and urban landscaping) due solely to 
the projected increases in temperature. The decrease in water supply will be 
exacerbated by the increase in demand; the gap between supply and demand will 
grow even if there are no decreases in average annual precipitation. 
 
The growing imbalance between supply and demand will likely lead to a greater 
reliance on non-renewable groundwater resources. Increased reliance on 
groundwater resources will lead to greater losses from the river into the 
groundwater system. 
 
Further, the water supply to the Upper Rio Grande will be subject to increased 
variability and uncertainty. We are already experiencing increases in extreme 
temperatures. Looking ahead, we anticipate greater year-to-year variability in all 
aspects of our climate and hydrology. 
 
There will also be changes in the geographic distribution and timing of runoff. 
Although the projections here do not portray it, other studies (e.g., Asmerom et al. 
2013) have indicated some potential for strengthening of the summer monsoons, 
with corresponding increases in the portion of the basin’s precipitation that falls 
downstream of our current water storage infrastructure. The projections suggest a 
somewhat more reliable supply from the San Juan-Chama Project than for the 
native Rio Grande supply (as long as there is no across-the-board decrease in 
available supply in the Upper Colorado River system). A greater reliability of the 
imported water supply than the native supply, which has the most senior users, 
could have significant socio-economic implications. 
 
Feedbacks can lead to cascading impacts. For example, more intense droughts and 
higher temperatures lead to a greater moisture deficit in the region’s forests. Trees 
that aren’t getting enough water are more susceptible to beetle infestations, and 
infected weakened and dead trees are more susceptible to catastrophic wildfires. 
Thunderstorms tend to build over fire scars because heat builds up over the 
blackened ground, and intense thunderstorms on the fire scars lead to the washing 
of ash into rivers, and to debris flows. Ash in the rivers can lead to decreased 
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oxygen in the water and cause fish kills. Debris flows can lead to sediment 
accumulation in our reservoirs, and sediment accumulation in our reservoirs can 
lead to less flood protection for downstream human infrastructure, and so on. 
 
And finally, all of the changes in our water supply that are projected to result from 
climate change would be compounded by the numerous other changes we have 
made to our landscape and our water supply and distribution. The analysis 
presented in this report attempts to project the impacts of climate change only on 
the water supply and demand within the Upper Rio Grande Basin, rather than 
predict what the future would look like in this basin. The future will depend on 
numerous societal choices. 
 
 
Next Steps 
 
The projections and analysis presented in this report represent a solid first step in 
the assessment of potential impacts in the Upper Rio Grande Basin, based on the 
best science and tools available at the time of initiation of the study. However, 
methods and tools for projecting the impacts of climate change are constantly 
being developed and refined. Efforts are currently underway to perform 
operational modeling of climate projections for the Upper Rio Grande Basin on 
a daily timestep for information on the ways that the projected impacts would be 
experienced by humans, fish, and wildlife. We also hope to perform further 
analyses using more recently developed simulations with models with finer 
resolutions. 
 
Some WaterSMART Basin Study Program activities are available for 
stakeholders to pursue next steps, including: 
 

• Basin studies to conduct in-depth water supply, demand, and operations 
analyses that are cost-shared with stakeholders and selected through a 
competitive process. 
 

• Landscape Conservation Cooperatives to partner with other 
governmental and nongovernmental entities to identify, build capacity for, 
and implement shared applied science activities to support resource 
management at the landscape scale. 

 
Reclamation is adding new activities to the Basin Studies Program that will 
provide stakeholders more opportunities to further refine adaptation strategies 
developed in Basin Studies. 
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Sandia Laboratory Climate Security program works to 
understand and prepare the nation for the national security 
implications of climate change. 
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The Upper Rio Grande Impact Assessment is a reconnaissance-level assessment 
of the potential hydrologic impacts of climate change in the Upper Rio Grande 
Basin. For this study, to isolate the impacts of climate change from other changes 
that may occur within the basin, Reclamation has assumed that current water 
operations by all water-management entities acting in the Upper Rio Grande 
Basin would continue unchanged in the future. This assessment does not consider 
any operational changes that may or may not be made by basin stakeholders in the 
future and does not reflect the position of any entity regarding future operational 
changes. The results should not be interpreted as an indication of actions that 
Reclamation or other entities may or may not take to maintain compliance 
with environmental laws such as the Endangered Species Act or National 
Environmental Policy Act, or with Interstate Water Compacts. Possible adaptation 
and mitigation strategies to address imbalances in future water supply and 
demand in the basin may be considered in a subsequent Basin Study, which 
would include interested stakeholders. 
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Executive Summary 
 
Background and Purpose 
 
In the Upper Rio Grande Basin of Colorado and New Mexico, the water 
management challenges posed by a highly variable and extremely limited water 
supply have been exacerbated by prolonged drought. Water managers are asking 
whether the hot and dry conditions experienced in the Upper Rio Grande Basin in 
the past several years are related to climate change, and whether, as a result, water 
management planning should incorporate the possibility of a hotter, drier, and 
more variable future. The Bureau of Reclamation (Reclamation), with technical 
assistance from the U.S. Army Corps of Engineers (USACE) and Sandia National 
Laboratories conducted the Upper Rio Grande Impact Assessment (URGIA) as a 
way to begin to answer such questions. 
 
The Upper Rio Grande Impact Assessment (URGIA) is an activity of the West-
Wide Climate Risk Assessment (WWCRA), which is a component of the 
Reclamation WaterSMART Basin Study Program. The Basin Study Program 
is aimed at addressing section 9503 of the SECURE Water Act (SWA) and 
Secretarial Orders 3289 and 3297, supporting the U.S. Department of the 
Interior’s coordinated response to the hydrologic implications of a changing 
climate. The SWA designates Reclamation to assess the risks to water supplies 
and demands posed by climate change, including changes in snowpack, in timing 
and quantity of runoff, in groundwater recharge and discharge as well as changes 
in demands and consumptive usage within major Reclamation river basins in the 
Western United States. Baseline analyses of these conditions are being performed 
under the WWCRA Impact Assessments and are being expanded, in cooperation 
with local water-management partners, through Basin Studies. 
 
 
Objectives, Scope, and Uncertainty 
 
The URGIA includes a detailed evaluation of the climate, hydrology, and water 
operations of the Upper Rio Grande Basin of Colorado and New Mexico, along 
with a quantitative evaluation of the potential impacts associated with climate 
change on streamflow, water demand, and water operations in this basin. 
 
The URGIA focuses on the Upper Rio Grande Basin, defined for this study as 
the Rio Grande and its tributaries from the headwaters of the Rio Grande and 
Rio Chama in Colorado to Caballo Reservoir in south central New Mexico 
(locations are shown in Figure 1 in the main report). In this portion of the 
Rio Grande Basin, snowmelt runoff is the major contributor to streamflow. 
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This Impact Assessment presents an overview of the current climate and 
hydrology of the Upper Rio Grande, an analysis of observed trends in temperature 
and precipitation over the past decade, and a comparison of these trends against 
model projections. It also presents hydrologic projections developed from global 
climate models, which have been used as input to a local operations model to 
evaluate the ways that the projected climatic and hydrologic changes would 
impact water availability and management within the Upper Rio Grande. Specific 
risks to water supplies and demands posed by climate change, and evaluated in 
this study, include changes in snowpack, timing and quantity of runoff, 
groundwater recharge and discharge, as well as changes to evaporation, 
transpiration, and other water demands. These risks are then evaluated in terms 
of their potential impacts on key water operations and uses within the basin, as 
required by the SWA, including: 
 

• Water and power infrastructure/operations 
• Water delivery 
• Flood control operations 
• Water quality 
• Fish and wildlife habitat 
• Endangered Species Act (ESA) listed species and critical habitat 
• Flow and water-dependent ecological resiliency 
• Recreation 

 
This Impact Assessment purposefully assesses the potential impacts of climate 
change alone and does not attempt to project what future development or 
management actions may be, including how population may change, how power 
generation may evolve, or how land use, including the amount and type of 
irrigated agriculture, may change. While factors such as these will undoubtedly be 
affected by climate change, they are also changing due to societal factors that are 
independent of climate change. It is anticipated that this information will serve as 
a foundation for future studies focused on developing strategies to adapt to and 
mitigate climate change impacts. 
 
The projections presented here are based on reasonable assumptions about our 
future. Since we do not know how humans are going to behave, what energy 
sources they will be using, or how much carbon dioxide they will emit into the 
atmosphere, there is uncertainty associated with any projection of future climatic 
changes. Furthermore, the hydrologic projections presented in the URGIA are 
built upon a series of analytic steps: starting with Global Circulation Models 
(GCM) runs at a global scale, with downscaling and bias correction to make the 
results usable at a local level, followed by land surface modeling (rainfall-runoff) 
at a basin scale, and finally operations modeling at the river network level. Each 
of these steps represents a conceptual simplification of a complex physical system 
that is imperfectly understood. In addition, statistical methods are employed to 
connect the three different model types—and each statistical transformation of the 
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output increases the uncertainties associated with the model results.  Still, the 
projections of potential hydrologic impacts of climate change generated under the 
URGIA are reasonable based on the information available to date, are consistent 
with other projections developed for this basin, and provide a sound basis for 
initial conceptualization of adaptation measures. 
 
 
Observed Climate Trends 
 
To assess the current rate of temperature and precipitation change in the Upper 
Rio Grande and to evaluate how these rates of change compare to model 
projections, temperature and precipitation data from 35 climate stations in the 
U.S. Global Historical Climatology Network database were analyzed. Over the 
period 1971 through 2011, average temperatures in the Upper Rio Grande Basin 
rose at a rate of just under 0.7 degrees Fahrenheit (°F) per decade, a rate 
approximately double the global rate of temperature rise (Rahmstorf et al. 2012). 
Such rates of warming are unprecedented over the last 11,300 years (Marcott 
et al. 2013). This rate of warming has the potential to cause significant 
environmental harm and change the region’s hydrology. 
 
 
Projected Trends in Climate, Hydrology, and 
Water Demand 
 
In future years, pronounced changes in climate are anticipated for the Upper Rio 
Grande. The climate modeling used to support this study suggests that average 
temperatures in the Upper Rio Grande Basin may rise by an additional 4 to 6 °F 
by the end of the 21st century. These model simulations do not consistently 
project changes in annual average precipitation in this basin, but they do project 
changes to the magnitude, timing, and variability of inflows to the system. Such 
precipitation changes, coupled with temperature-driven increases to evaporative 
demands within the system, are expected to cause significant changes in the 
available water supply and demand. 
 
For this study, Reclamation developed projections of the hydrologic impacts of 
these modeled climate changes for the Upper Rio Grande Basin over the rest of 
this century. These projections present a picture of changing hydrology for 
the Upper Rio Grande, with implications for water management, human 
infrastructure, and ecosystems. Although there are uncertainties in the details, 
some general patterns are clear. The list below discusses possible implications 
of those general patterns. 
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• Decreases in overall water availability. Supplies of all native sources to 
the Rio Grande are projected to decrease on average by about one third, 
while flows in the tributaries that supply the imported water of the 
San Juan-Chama Project are projected to decrease on average by about 
one quarter. 
 

• Changes in the timing of flows. The seasonality of flows is projected to 
change. Anticipated changes include earlier snowmelt runoffs as well as 
increased variability in the magnitude, timing, and spatial distribution 
of streamflow and other hydrologic variables. Projections indicate 
that this basin will experience a decrease in summertime flows and 
less of a decrease (or potentially even an increase) in wintertime 
flows. 
 

• Increases in the variability of flows. All simulations used in this study 
project an increase in the month-to-month and inter-annual variability of 
flows over the course of the century. The frequency, intensity, and 
duration of both droughts and floods are projected to increase. 

 
Water operations modeling for the Upper Rio Grande Basin using these 
hydrologic projections as input suggests that increasing water demands within the 
basin will exacerbate the gap between supply and demand. Such changes would 
lead to water management challenges for Reclamation and other water managers 
within the Upper Rio Grande Basin. 
 
 
Impacts on Water Management 
 
The decreases in supply, changes in magnitude and seasonality of flows, and 
increases in the availability of water supply projected in this study will present 
considerable challenges for water management within the Upper Rio Grande 
Basin. Such challenges are evaluated in this URGIA in terms of the parameters 
defined in the Secure Water Act (SWA), including: 
 

• Water Infrastructure and Operations, and Water Delivery. The 
reduced surface-water inflows to the Upper Rio Grande Basin, 
coupled with increases in the demand for irrigated agricultural and 
riparian vegetation, are projected to result in decreased reservoir 
storage throughout the system, with commensurate impacts on water 
delivery. 
 

• Hydropower Generation. Lower flows and lower reservoir levels 
associated with climate change are projected to lead to less hydropower 
generation. The projected decrease is substantial, from an initial 
generation within the Upper Rio Grande system of around 15 megawatts, 
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the rate drops almost 50 percent to around 8 megawatts by the end of the 
21st century, with most of the decrease coming during the months of May 
through September. 
 

• Flood Control Operations. Floods are projected to become more extreme 
with climate change, and thus flood control operations would be needed 
more often in the future, even as overall supplies decrease. 
 

• Water Quality. Concentrations of nitrogen, phosphorus, suspended 
solids, and salt may increase in the future in response to increased 
evaporation rates for surface water and increased precipitation intensity, 
which would wash a greater volume of pollutants into the river, despite a 
decreased overall flow volume. 
 

• Fish and Wildlife Habitat, Including Endangered Species Act (ESA) 
Listed Species and Critical Habitat. Climate change is projected to 
reduce available water in the Upper Rio Grande system. This reduction in 
water is expected to make environmental flows in the river more difficult 
to maintain, and reduce the shallow groundwater available to riparian 
vegetation. Both of these impacts have implications for the habitat of fish 
and wildlife in the Upper Rio Grande Basin riparian ecosystems. 
 

• Flow and Water-Dependent Ecological Resiliency. Ecological and 
human systems within the basin already operate close to thresholds 
(i.e., points at which small changes could have larger-scale repercussions) 
related to available water supply. It is possible that some systems in the 
basin have already crossed ecological thresholds. In the future, as 
projected water supplies decrease and demands increase, water availability 
thresholds may be crossed—causing additional key systems to undergo 
regime shifts. 
 

• Recreation. The availability of water-based recreation at Reclamation and 
USACE reservoirs and river-based recreation, including whitewater 
rafting and fishing, may be negatively impacted by the projected decreases 
in flows. Moreover, increased temperatures may increase the usage of 
available water-based recreational opportunities. 
 

• The Rio Grande Compact. Analyses presented in this report assume that 
Colorado would use its ability for priority administration to assure its 
obligations are met under the Rio Grande Compact. The analyses assume 
that New Mexico would take additional management actions to meet its 
obligations under the Rio Grande Compact, although in this study, 
Reclamation makes no assumptions about what those management actions 
would be.  The irrigation system would be significantly impacted. 
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Summary of Impacts for Water Management 
 
The projections presented in the Upper Rio Grande Impact Assessment present a 
picture of changing hydrology for the Upper Rio Grande, with implications for 
water management, human infrastructure, and ecosystems. Although there are 
uncertainties in the details, some general patterns are clear.  This section 
summarizes possible implications of those general patterns. 
 
First, our usable, manageable water supply is projected to decline. We anticipate a 
loss of winter snowpack, which will result in a decrease in water supply, as well 
as a decrease in our ability to store the water supply that we do have for use 
during the summer irrigation season. There will also be an increase in all outside 
demands (including agricultural, riparian, and urban landscaping) due solely to 
the projected increases in temperature. The decrease in water supply will be 
exacerbated by the increase in demand; the gap between supply and demand will 
grow even if there are no decreases in average annual precipitation. 
 
The growing imbalance between supply and demand will likely lead to a greater 
reliance on non-renewable groundwater resources. Increased reliance on 
groundwater resources will lead to greater losses from the river into the 
groundwater system. 
 
Further, the water supply to the Upper Rio Grande will be subject to increased 
variability and uncertainty. We are already experiencing increases in extreme 
temperatures. Looking ahead, we anticipate greater year-to-year variability in all 
aspects of our climate and hydrology. 
 
There will also be changes in the geographic distribution and timing of runoff. 
Although the projections here do not portray it, other studies (e.g., Asmerom et al. 
2013) have indicated some potential for strengthening of the summer monsoons, 
with corresponding increases in the portion of the basin’s precipitation that falls 
downstream of our current water storage infrastructure. The projections suggest a 
somewhat more reliable supply from the San Juan-Chama Project than for the 
native Rio Grande supply (as long as there is no across-the-board decrease in 
available supply in the Upper Colorado River system). A greater reliability of the 
imported water supply than the native supply, which has the most senior users, 
could have significant socio-economic implications. 
 
Feedbacks can lead to cascading impacts. For example, more intense droughts and 
higher temperatures lead to a greater moisture deficit in the region’s forests. Trees 
that aren’t getting enough water are more susceptible to beetle infestations, and 
infected weakened and dead trees are more susceptible to catastrophic wildfires. 
Thunderstorms tend to build over fire scars because heat builds up over the 
blackened ground, and intense thunderstorms on the fire scars lead to the washing 
of ash into rivers, and to debris flows. Ash in the rivers can lead to decreased 
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oxygen in the water and cause fish kills. Debris flows can lead to sediment 
accumulation in our reservoirs, and sediment accumulation in our reservoirs can 
lead to less flood protection for downstream human infrastructure, and so on. 
 
And finally, all of the changes in our water supply that are projected to result from 
climate change would be compounded by the numerous other changes we have 
made to our landscape and our water supply and distribution. The analysis 
presented in this report attempts to project the impacts of climate change only on 
the water supply and demand within the Upper Rio Grande Basin, rather than 
predict what the future would look like in this basin. The future will depend on 
numerous societal choices. 
 
 
Next Steps 
 
The projections and analysis presented in this report represent a solid first step in 
the assessment of potential impacts in the Upper Rio Grande Basin, based on the 
best science and tools available at the time of initiation of the study. However, 
methods and tools for projecting the impacts of climate change are constantly 
being developed and refined. Efforts are currently underway to perform 
operational modeling of climate projections for the Upper Rio Grande Basin on 
a daily timestep for information on the ways that the projected impacts would be 
experienced by humans, fish, and wildlife. We also hope to perform further 
analyses using more recently developed simulations with models with finer 
resolutions. 
 
Some WaterSMART Basin Study Program activities are available for 
stakeholders to pursue next steps, including: 
 

• Basin studies to conduct in-depth water supply, demand, and operations 
analyses that are cost-shared with stakeholders and selected through a 
competitive process. 
 

• Landscape Conservation Cooperatives to partner with other 
governmental and nongovernmental entities to identify, build capacity for, 
and implement shared applied science activities to support resource 
management at the landscape scale. 

 
Reclamation is adding new activities to the Basin Studies Program that will 
provide stakeholders more opportunities to further refine adaptation strategies 
developed in Basin Studies. 
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West-Wide Climate Risk Assessment: 
Upper Rio Grande Impact Assessment 

1. Study Introduction 

1.1 Background and Purpose 

In the Upper Rio Grande Basin of Colorado and New Mexico, the water 
management challenges posed by a highly variable and extremely limited water 
supply have been exacerbated by prolonged drought. Water managers are asking 
whether the hot and dry conditions experienced in the Upper Rio Grande Basin in 
the past several years are related to climate change, and whether, as a result, water 
management planning should incorporate the possibility of a hotter, drier, and 
more variable future. The Bureau of Reclamation (Reclamation), with technical 
assistance from the U.S. Army Corps of Engineers (USACE) and Sandia National 
Laboratories conducted the Upper Rio Grande Impact Assessment (URGIA) as a 
way to begin to answer such questions. 
 
The evaluation of current trends included in this study documents temperature 
trends in the Upper Rio Grande Basin over the past 4 decades (the most recent 
decade in comparison to the previous 30-year climatic averaging period). This 
analysis shows average temperatures in the basin increasing by just under 
0.7 degrees Fahrenheit (°F) per decade, for a total average warming since 1971 
of over 2.5 °F. The climate modeling used to develop the hydrologic projections 
presented in this study suggests that temperatures in the Upper Rio Grande Basin 
may rise by an additional four to six °F by the end of the 21st century. These 
model simulations do not consistently project changes in precipitation in this 
basin, but the projected increases in temperature alone could significantly 
decrease the available water in the basin, due to increases in evaporation and 
water use by plants (transpiration). 
 
Reclamation has developed projections of the hydrologic impacts of climate 
change for the Upper Rio Grande Basin over the next century, based on modeled 
climate projections. These hydrologic projections indicate that the basin will 
experience changes in the timing of flows, increases in the variability of flows, 
and decreases in overall water availability. Supplies of all native sources to the 
Rio Grande are projected to decrease on average by about one third, while flows 
in the tributaries that supply the imported water of the San Juan-Chama Project 
are projected to decrease on average by about one quarter. In all cases, the 
projections show an increase in variability of both monthly and annual flows over  
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the course of the century. The seasonality of flows is also projected to change in 
the Colorado headwaters, the Chama and Jemez basins, and the San Juan-Chama 
Project tributaries. 
 
Water operations modeling for the Upper Rio Grande Basin using these 
hydrologic projections as input suggests that increasing water demands within the 
basin would exacerbate the gap between supply and demand. Such changes would 
lead to water management challenges for Reclamation and other water managers 
within the Upper Rio Grande. 
 
Results from the URGIA will provide important information to the water 
management community in the Upper Rio Grande Basin of the scale of the 
challenges that climate change is likely to pose in this basin and will stimulate 
dialogue among stakeholders to support general planning of adaptation actions. 
Information from the URGIA will also support Reclamation’s efforts to 
incorporate climate-change projection into its planning for infrastructure 
improvements or modifications of aging infrastructure in ways that result in long-
term resilience—rather than short-term fixes that can ultimately be counter-
productive to climate adaptation. Thus, this information will benefit stakeholders 
who rely on Reclamation infrastructure. Study results can also be used to support 
comprehensive drought resilience planning with Reclamations stakeholders, as 
well as environmental compliance efforts under the National Environmental 
Policy Act and the Endangered Species Act. 
 
This work is intended to be a first step in a continuing process to characterize the 
future climate and hydrology in the Upper Rio Grande Basin, which we anticipate 
will be refined many times over the years, as tools are improved and more 
information becomes available. Although considerable uncertainty remains 
regarding the future hydrology of the basin, the URGIA provides a reasonable 
foundation for State, regional, Tribal and local entities to partner with the Federal 
government to begin the process of developing strategies for adapting to and 
mitigating the hydrologic impacts of climate change with the basin. 

1.2 Objectives and Scope 

The URGIA includes a detailed evaluation of the past and potential future 
climate, hydrology, and water operations of the Upper Rio Grande Basin, one of 
the major Reclamation river basins identified for such evaluation in the SWA. 
The URGIA presents a quantitative evaluation of the potential impacts associated 
with climate change on streamflow, water demand, and water operations in this 
basin. As required by the SWA, specific risks to water supplies and demands 
posed by climate change are evaluated in this study, including changes in: 
snowpack, timing and quantity of runoff, and groundwater recharge and 
discharge, as well as changes to evaporation, transpiration, and other water  
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demands. These risks are then evaluated in terms of their potential impacts on key 
water operations, conditions, and uses within the basin that are related to 
Reclamation’s activities, including: 
 

• Water and power infrastructure/operations 
• Water delivery 
• Flood control operations 
• Water quality 
• Fish and wildlife habitat 
• Endangered Species Act (ESA) listed species and critical habitat 
• Flow and water-dependent ecological resiliency 
• Recreation 

 
This information is intended to serve as a foundation for future studies, jointly 
conducted by Reclamation and local water-management partners, and focused on 
adaptation and mitigation strategies. 
 
The URGIA focuses on the Upper Rio Grande Basin, defined for purposes of this 
study as the Rio Grande and its tributaries from the headwaters in Colorado to 
Caballo Reservoir in south central New Mexico (see Section 2.1). In this portion 
of the Rio Grande Basin, snowmelt runoff is the major contributor to streamflow. 
The URGIA relies on climatic, hydrologic, and water -operations modeling to 
develop projections of the potential hydrologic impacts of climate change in this 
basin and assess the impacts to streamflow, water availability, reservoir 
operations, and water demands for irrigated agriculture and other uses. 
 
In the URGIA, we:  
 

• Present an overview of the current climate and hydrology of the Upper 
Rio Grande. 
 

• Analyze observed trends in temperature and precipitation over the past 
decade. 
 

• Compare these trends against model projections. 
 

• Develop climate projections for the Upper Rio Grande Basin from global 
climate models referred to as General Circulation Models (GCMs). 
 

• Bias-correct and spatially downscale the climate projections and use the 
resulting local climate projections as input to a hydrologic model, which 
develops hydrologic projections associated with the climate projections. 
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• Bias correct the hydrologic projections, and use them as input to a local 
operations model to evaluate the ways that the projected climatic and 
hydrologic changes would impact water availability and management 
within the Upper Rio Grande under current development conditions. 

 
The URGIA assesses the potential impacts of climate change alone and does not 
attempt to project what future development or management actions may be, 
including how population may change, how power generation may evolve, or how 
land use (including the amount and type of irrigated agriculture) may change. 
While factors such as these will undoubtedly be affected by climate change, they 
are also changing due to societal factors and management actions that are 
independent of climate change. Reclamation does not presume to know what 
management actions will be taken by other entities operating in the Upper Rio 
Grande Basin. For these reasons, the projections presented in the URGIA should 
be considered as projections of the hydrologic impacts of climate change and not 
predictions of the future in the Upper Rio Grande Basin.  
 
Reclamation hopes to collaborate with local water-management partners in one or 
more Basin Studies to evaluate the projected changes in light of potential future 
development and management changes. Under Basin Studies, which are awarded 
in a competitive process and initiated by local partners, the study teams typically 
incorporate management and development scenarios into the planning process for 
adaptation and mitigation activities that address the projected impacts of climate 
change and build resilience in social and ecological systems. 

1.3 Document Organization  

This report begins with a discussion of the purpose, basis, and authorizations for 
this Impact Assessment. Next it provides a description of the basin, which 
provides the context for the study, followed by analysis methods, and then study 
results. The following list breaks down which information is presented in each 
chapter of this report. 
 

• Chapter 1 introduces the URGIA and describes the motivations for this 
work, the objectives and scope, and the programs supporting the study. 
 

• Chapter 2 provides context for the study, presenting the historical climate 
and hydrology of the basin. 
 

• Chapter 3 presents the methods used for the analysis of current trends in 
climate and hydrology in the basin as well as the use of climate, 
hydrologic, and operations models to develop projections of what the 
climate and hydrology are likely to look like over the next century. 
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• Chapter 4 describes impacts to climate, hydrology, and water supply and 
demand. 
 

• Chapter 5 describes impacts to water management, including: water and 
power infrastructure/operations, water delivery, flood control operations, 
water quality, fish and wildlife habitat, critical habitat for species listed 
under the Federal ESA, flow and water-dependent ecological resiliency, 
and water-related recreation. 
 

• Chapter 6 summarizes these impacts and provides a description of the next 
steps for Reclamation in its efforts to characterize the hydrologic impacts 
of climate change, as well as ways that local water-management entities 
might get involved in this effort. Technical details of the system and its 
operation, the modeling efforts undertaken and tools used to develop the 
hydrologic projections presented here. 
 

• Appendices A through E present technical details of the system and its 
operation, the modeling efforts undertaken and tools used to develop the 
hydrologic projections presented here, and the modeling results. 

1.4 Reclamation Programs Supporting this Study 

Water issues and challenges are increasing across the Nation. Such concerns 
motivated Congress to pass the SECURE Water Act ([SWA]; Subtitle F of 
P.L. 111-11,) in 2009. The SWA authorizes Reclamation to implement a program 
to assess the risks and impacts of climate change across major Reclamation river 
basins in the Western United States. 
 
A key component of Reclamation’s implementation of the SWA is the Basin 
Studies Program. Reclamation’s Basin Study Program is managed under the 
Department of Interior’s WaterSMART (Sustain and Manage America’s 
Resources for Tomorrow) Program, which is working to achieve a sustainable 
water strategy to meet the Nation’s water needs now and for the future. To learn 
more about WaterSMART, please visit <http://www.usbr.gov/WaterSMART/>. 
 
The URGIA is an activity of the West Wide Climate Risk Assessment 
(WWCRA), which is a component of Reclamation’s Basin Study Program. The 
WWCRA represents Reclamation’s reconnaissance-level assessment of the 
hydrologic impacts of climate change, including risks to water supplies and 
demands. The WWCRA includes three separate activities: 
 

http://www.usbr.gov/WaterSMART/
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1) Consistent, west-wide assessment of climate-change impacts to water 
supplies 
 

2) Consistent, west-wide assessment of climate-change impacts to water 
demands 
 

3) Impact assessments for individual basins or sub-basins 
 
Individual basin Impact Assessments, such as the URGIA, address the potential 
risks of climate change to Reclamation facilities and operations, including water 
and power delivery, recreation, flood control, and ecological resources. These 
Impact Assessments are conducted to provide: 
 

• A baseline analysis of climate change impacts that can be used to support 
future Basin Studies, in cooperation with local partners, in which impacts 
to multiple water uses are evaluated, and potential adaptation and 
mitigation strategies are developed and assessed. 
 

• A more in-depth analysis of climate-change impacts as they relate to 
Reclamation facilities and operations. 

 
Because the WWCRA Impact Assessments emphasize impacts to Reclamation 
facilities and operations, and because they are not focused on the development of 
adaptation strategies, they are conducted by Reclamation alone and are not cost-
shared with non-Federal partners. This allows Reclamation to develop consistent 
baseline information in a time frame consistent with the reporting requirements 
of SWA 9503(c). Results from all three WWCRA activities contribute to 
Reclamations SECURE Reports to Congress every five years. 

1.5 U.S. Army Corps of Engineers Programs 
Supporting this Study 

The USACE has primary responsibility for flood control on the Upper Rio Grande 
under the 1948 Flood Control Act. In addition, USACE also has ecosystem 
restoration and recreation responsibilities in the Upper Rio Grande and plays an 
important role in regional water operations. Climate change is likely to impact all 
USACE business lines in the region directly and indirectly through hydrologic 
changes. 
 
Under Executive Order 13514, USACE and other Federal agencies are required to 
evaluate the risk and vulnerabilities to climate change on all projects and mission 
areas over both the short and long term. This is also stipulated in USACE policy 
(Darcy 2010). USACE is specifically authorized to collaborate in the management 
of freshwater resources in response to a changing climate under the Interagency 
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Climate Change Adaptation Task Force National Action Plan (Interagency 
Climate Change Adaptation Task Force, 2011). USACE, Albuquerque District’s 
participation constitutes an important step in fulfilling this guidance at the District 
level. Information gained in this study will enable USACE to better assist local, 
Tribal, and State governments to adapt to a changing climate its impacts on 
streamflow, habitats, and flood risk management on the Rio Grande and its 
tributaries. 
 
Participation in this study by USACE, Albuquerque District, is supported by the 
USACE Institute for Water Resources Response to Climate Change Program, the 
Middle Rio Grande Endangered Species Collaborative Program (USACE funding 
authority), the USACE Albuquerque District Flood Risk Management Program 
and the USACE Albuquerque District Reservoir Operations Branch. 
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2. Location and Background 

2.1 Basin Description 

The Rio Grande Basin is located in the Southwestern United States, and runs 
through a semi-arid region along the western edge of the Great Plains (Figure 1). 
 
From its headwaters in the San Juan Mountains of Southern Colorado, the Rio 
Grande flows southward through New Mexico, and then southeastward as it forms 
the international boundary between Texas and Mexico, before ultimately flowing 
into the Gulf of Mexico. For this analysis, the “Upper Rio Grande” Basin 
encompasses the headwaters of the Rio Grande in Colorado to the Caballo 
Reservoir in south central New Mexico. 
 
The Rio Grande is one of the longest rivers in the United States, with a total 
river length of 1,896 miles (3,051 kilometers [km]) and a drainage area of 
approximately 182,200 square miles (472,000 km2). Basin topography varies from 
the mountains and gorges of the headwaters to the bosque (riparian forest) and 
high desert of central New Mexico, to deserts and subtropical terrain along the 
boundary between Texas and Mexico. The Rio Grande serves as the primary 
source of water for agriculture throughout the Rio Grande Valley, as well as for 
municipal use by the major municipalities along the river corridor (including the 
cities of Albuquerque and Las Cruces, New Mexico; El Paso, Texas; and Cuidad 
Juarez, Mexico), and environmental and recreational uses in the states of 
Colorado, New Mexico, and Texas, as well as in Mexico. Appendix A presents a 
summary of the Upper Rio Grande system, water operations and uses, and 
infrastructure. 
 
Topographic diversity is a key factor as this region encompasses the headwaters 
of the Rio Grande in the San Juan and Sangre de Cristo Mountains of Colorado, 
both with peaks exceeding 14,000 feet above mean seal level; the Tusas and 
Jemez Mountains of New Mexico, with peaks rising above 11,000 feet above 
mean sea level; the Rio Grande Rift extending from the San Luis Valley of 
southern Colorado past the southern boundary of the study area at Caballo Dam 
at just over 4,000 feet above mean sea level; and areas to the west and east of the 
central valley that are nonetheless part of the drainage basin. 
 
The river also supports unique fisheries and riparian ecosystems along much of 
its length. The basin is home to one of the largest remaining stretches of riparian 
cottonwood forest in the Western United States (the bosque of Central  
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Figure 1.—Map of Upper Rio Grande Basin with all features. 
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New Mexico) and includes critical habitat for the federally-endangered 
Southwestern Willow Flycatcher (Empidonax traillii extimus) and Rio Grande 
silvery minnow (Hybognathus amarus). 

2.2 Surface-Water Flows 

Inflows from two primary native sources and one imported source of water join to 
form the Upper Rio Grande. The inflows originate primarily from snowmelt 
runoff, local precipitation from summer monsoons, direct groundwater inflow, 
and return flows of groundwater from municipalities. These sources combine to 
provide a limited and highly variable supply of water to the region. 

2.2.1 Native Inflow 

The native sources of inflow to the Upper Rio Grande Basin have, for purposes of 
this study, been divided into the following categories: 
 

• Colorado headwater inflows to the mainstem of the Rio Grande come 
from the southern Rocky Mountains and the San Luis Valley of 
southwestern Colorado. These flows account for sixty to sixty-five percent 
of the native inflow to the basin. 
 

• The Rio Chama, including its tributary the Ojo Caliente, and the 
Rio Jemez, formed by the confluence of the East Fork Jemez River and 
San Antonio Creek in New Mexico, are the two major tributaries that 
account for about 25 percent of the flows in the basin. 

 
• New Mexico minor tributary inflows. These flows account for 10 to 

15 percent of flows in the basin. 
 
Additional flows, contributed to the Rio Grande from tributary inflows within 
New Mexico (the major and minor tributaries identified in this study, except the 
Chama) especially as a result of precipitation associated with the summer 
monsoon, and from groundwater, were estimated in 2000 to be approximately 
180,000 acre-feet per year (S.S. Papadopulos & Associates 2000). 
 
Surface water is measured by gauges as shown in Figure 2 and Figure 3. 
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Figure 2.—Colorado gage locations.
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Figure 3.—New Mexico gage locations. 
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2.2.1.1 Imported Water 
The imported water comes from Reclamation’s San Juan-Chama Project, which 
constitutes a portion of New Mexico’s allocation under the 1922 Colorado River 
Compact. The influx of San Juan-Chama Project water into the Rio Grande Basin 
was authorized by Congress in 1962 (Public Law 87-483), as an amendment to 
the Colorado River Storage Project Act of 1956 (Public Law 84-485) to allow 
diversion of a portion of New Mexico’s allocation of Colorado River Basin water 
into the Rio Grande Basin of New Mexico. 
 
This water flows from tributaries to the San Juan River in Colorado, and has 
historically provided a firm yield of 96,200 acre-feet per year. The entire amount 
imported from the San Juan system must be consumed upstream of Elephant 
Butte Reservoir, as defined under the Rio Grande Compact (Colorado et al. 1938). 
Reclamation maintains this water in a project pool at Heron Reservoir (Heron 
Dam, New Mexico), and allocates the water to contractors on January 1 of each 
year. The amount allocated at that time depends on the available supply in Heron 
Reservoir. Through 2013, Reclamation has had sufficient water in the project to 
provide the contractors with the full firm yield each year, although in 2013, 
allocation of a full supply required a secondary allocation in July. However, as the 
current drought continues, Reclamation may not be able to provide the full firm 
yield over the next several years. 

2.2.2 Flow Distribution and Timing 

Snowmelt processes result in streamflows from the mainstem Rio Grande, and, to 
a lesser degree, from the Rio Chama that peak in the late spring and early summer 
and diminish rapidly by mid-summer. Peak snowmelt runoff from the Rio Chama 
typically arrives earlier than runoff from the mainstem of the Rio Grande and is 
smaller in magnitude. Local precipitation primarily occurs in the summertime. 
Thunderstorms that characterize the region’s summer monsoons feed the 
Rio Grande directly. These monsoons can produce additional peak flows in the 
river. However, these flows are usually smaller in volume than the snowmelt 
peaks and also of much shorter duration. While the peak runoff period typically 
occurs from April through June, the highest evapotranspiration and irrigation 
demands along the Rio Grande occur from June through mid-September. 
 
Figure 4 depicts the average distribution in time of native flows over the last 
century at several gages in the Upper Rio Grande and its tributaries. This figure 
shows that about 60 percent of the natural runoff volume measured at the 
mainstem gage “Rio Grande at Otowi Bridge” (Gage # 08313000), as indicated 
by the Otowi Index Supply, occurs during April, May, and June and represents 
snowmelt runoff. Similarly, along the Rio Chama, about 80 percent of the  
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Figure 4.—Average monthly distribution of native runoff at a selection of Upper 
Rio Grande gages. 
 
 
natural annual flow occurs during April, May, and June and is attributable to 
snowmelt runoff in that drainage. In contrast, the Rio Puerco, which originates 
in western New Mexico and primarily drains non-mountainous areas, 
received minimal snowmelt runoff. Nearly 80 percent of the recorded annual 
flow in the Rio Puerco occurs between July 1 and October 31, with nearly 
40 percent occurring during August alone (USACE et al. 2007). These flows are 
primarily attributable to summer thunderstorms associated with the summer 
monsoon. 
 
A key characteristic of the Rio Grande system is the order-of-magnitude 
variability of streamflow from year to year. Unregulated annual streamflow  
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volumes at the upstream-most Rio Grande streamflow gage near Del Norte, 
Colorado, vary from less than 100,000 acre-feet up to well over 1,000,000 acre-
feet. This high variability is evident in Figure 5, which depicts nearly five 
centuries of Rio Grande streamflow near Del Norte, Colorado, reconstructed from 
tree-ring analysis. The series of wet years from the mid-1980s through the 1990s 
register as one of the five wettest periods in this 500-year period. 
 

 
Figure 5.—Long-run (1536-1999) tree-ring reconstructed streamflow of the 
Rio Grande near del Norte (based on Woodhouse 2012). 
 
 
Figure 6 shows a summary plot of the Otowi natural flow reconstruction 
distributed for annual flows in each century shows the median, 25th and 
75th percentiles and the relatively extreme variability at the 5th and 95th 
percentiles. The plot shows that, on average, the 1900s have been slightly less 
variable and wetter than the previous four centuries (Lukas 2008). This suggests 
that annual flows measured in the 20th century may not be good indicators of the 
full range of historic variability. 
 
Droughts, defined as a year or more with annual flows less than the long-term 
median (<1,800,000 acre-feet unregulated flow at the Otowi Gage), are 
common in the historical record, with several long-duration droughts lasting 
longer than 20 years. The 20th century record (1900 through 2000) includes 
only one period with a long-duration drought, which lasted 16 years. An 
additional long-duration drought straddled the two centuries, extending from 
1996 to 2013. 
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Figure 6.—A box and whisker plot of the Otowi natural flow reconstruction 
distributed for annual flows in each century (Lukas 2008). 

2.3 Groundwater Supply 

Since around 1940, groundwater development has exploded in the Upper 
Rio Grande Basin, primarily to support municipal and industrial development, but 
also to supplement irrigation and for domestic use. Groundwater use now exceeds 
170,000 acre-feet per year in the Albuquerque Area and has caused ground-water 
level declines of up to 160 feet in some locations (McAda and Barroll 2002). 
Although these declines are not large relative to the thickness of the aquifer, 
which is several thousand feet, they represent the removal of the highest quality 
water, since the salinity of the aquifer increases with depth. This removal of water 
from the groundwater system induces flow from the river to the groundwater 
system, which causes decreases in river flows. 
 
The impacts of groundwater pumping on flows in the river have historically been 
offset through the retirement of surface-water rights, primarily from agriculture, 
and through contracting of San Juan-Chama Project water, and provision of the 
resulting “offset” water to irrigators in the summertime and to Elephant Butte 
deliveries in the wintertime. However, these measures have not mitigated the 
considerable impact groundwater pumping has had on the continuity of river 
flows. In 1956, the New Mexico State Engineer estimated that the Rio Grande 
between the Colorado state line and the mouth of the Red River in Texas gained 
93,000 acre-feet per year (Jones, 2002). But by 2002, the Middle Rio Grande 
alone was estimated to lose 95,000 (Brekke et al. 2009 and Jones 2002) acre-feet 
per year. 
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2.4 Basin Development History 

Largely due to the limited water supply and the highly variable streamflows in the 
Rio Grande, humans have modified the Rio Grande system over time to protect 
themselves from floods and to maximize their beneficial use of water. Humans 
have used the flows of the Rio Grande for thousands of years. Pueblo oral 
histories convey, and the archaeological record shows, that Pueblo peoples had 
developed systems of irrigated agriculture long before the coming of Europeans. 
Beginning with the reestablishment (after the Pueblo revolt) of Spanish settlement 
in the late 17th century, expanded irrigation activities began to affect the flows in 
the Rio Grande system. The subsequent agricultural practices and administration 
of the river, as well as the intensive use of non-irrigated lands within the 
Rio Grande Basin, during the Spanish, Mexican, and American periods brought 
about changes to the shape and behavior of the river’s flows through time (i.e., the 
hydrograph), the distribution of flows in time through that river, and the habitat of 
the species that depend on that river for life. The greatest of these changes, by far, 
have been made over the past century. 
 
From the 1930s through the present, dam and levee construction, construction of 
irrigation and drain system, changing land use patterns, and river channelization, 
as well as ground-water pumping, has significantly altered flows in the 
Rio Grande and the relationship between surface water and ground water 
throughout the Upper Rio Grande. Operation of flood control and water storage 
dams alters the shape of the hydrograph, as well as the amount of water that is 
conveyed through the river. The alterations of the hydrograph have allowed the 
maintenance of a continuous riparian corridor, which was not present historically, 
and which is hospitable to non-native riparian species including tamarisk (salt 
cedar) and Russian Olive. This riparian system is encroaching on the river and 
causing further channel narrowing (Scurlock 1998, Lagasse 1980, and Makar 
et al. 2006). 
 
Nine dams (Platoro, El Vado, Abiquiu, Nambe Falls, Cochiti, Galisteo, Jemez 
Canyon, Elephant Butte, and Caballo) plus three cross-river diversion structures 
and minor diversions between Embudo and Abiquiu reservoirs have been 
constructed on the Upper Rio Grande or its tributaries over the past century by the 
USACE, Reclamation, the Middle Rio Grande Conservancy District (MRGCD), 
and in cooperation with other non-Federal partners (see Figure 7 for locations of 
these dams). These dams and diversion structures affect the flow and sediment 
distribution along the river. They alter flows by storing and releasing water in a 
manner that generally decreases flood peaks and alters the distribution in time of 
the flows. The major dams also trap significant amounts of sediment, causing 
buildup and increases in channel elevation upstream, and riverbed degradation 
(lowering of the riverbed) and coarsening of riverbed sediment in the reaches 
below the dams. 
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Figure 7.—Dams and diversion dams in the Upper Rio Grande Basin. 
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3. Assessment Approach and Sources of 
Uncertainty 

To evaluate the ways that climate change would impact water availability and 
management within the Upper Rio Grande, the URGIA: 
 

• Presents an overview of the current climate and hydrology of the Upper 
Rio Grande, an analysis of observed trends in temperature and 
precipitation over the past decade, and a comparison of these trends 
against model simulations for the same period. 
 

• Compares observed trends in temperature and precipitation over the past 
decade with trends in temperature and precipitation from model 
projections.  
 

• Develops projections of the impacts of climate change on water supply 
and demand through 2100, according to the procedure shown in Figure 8: 
 

o Downscale temperature and precipitation projections from global 
climate models to a spatial scale relevant for regional planning. 
 

o Performs hydrologic modeling to develop specific projections of 
streamflow within this basin. 
 

o Uses these streamflow projections to simulate future operations 
of Reclamation projects and related Federal and non-Federal 
activities and infrastructure in the basin with the available water 
supplies and anticipated demands to develop a picture of future 
changes in water supply and demand that can be expected as a 
result of climate change alone. 
 

• Uses projections of temperature and precipitation from GCMs in 
combination with observed data and hydrologic projections generated 
from future climate projections as inputs to a local monthly operations 
model, the Upper Rio Grande Simulation Model (URGSiM). 

 
Details describing the methods employed in each of these steps are provided in 
Appendix D. A general description of the process used to develop climate-change 
projections is presented in this section. 
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Figure 8.—Modeling and analytical steps involved in the development of local 
hydrologic projections. 

3.1 Analysis of Recent Trends in Climate 

Mountain climates are complex and vary over short distances due to aspect and 
relief, which influence temperature and precipitation via cold air drainage, down 
and up-canyon winds, variation in the duration of direct versus indirect insolation, 
vegetation cover, duration of snow cover, and other factors (Beniston 2006 and 
Barry 2008). Changes at individual stations may differ from regional climate 
trends (Pepin et al. 2005) in ways that are strongly influenced by landscape 
position, topography, and elevation (Lundquist and Cayan 2007). For example, 
valley floors may lag regional warming, particularly in winter months, due to the 
increasing frequency and severity of temperature inversions under more stable 
conditions (Daly et al. 2010 and Seth et al. 2011). Because of these complexities, 
some locations in each data set exhibited trends counter to the remainder of the 
sites, and these data may reflect real, but local climate differences. They may also 
reflect changes to station equipment, setup and location, although most of the data 
records have been adjusted to account for such factors. 
 
Trend analysis was conducted using temperature and precipitation data obtained 
from the National Climate Data Center (NCDC) representing observations from:  
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• Thirteen (13) USDA Natural Resources Conservation SNOTEL 
(snowpack telemetry) stations with periods of record 1989-2012 for high 
elevation sites in the Jemez, Tusas, Sangre de Cristo, and San Juan 
Mountains. 
 

• Twelve (12) National Oceanic and Atmospheric Administration (NOAA) 
Cooperative Observer Network (COOP) stations with periods of record 
covering 1971 through 2012 for low elevation agricultural and non-
agricultural areas in the state. 
 

• Eleven (11) NOAA National Weather Service Historical Climatology 
Network 2 (HCN) data a mix of high and low elevation areas in the state. 
 

Stations were grouped into physiographic regions for analysis:  

• Mountainous areas included the San Juan, Sangre de Cristo, Tusas, and 
Jemez Mountains, with sites generally at or above 7,500 feet above mean 
sea level (msl). Seventeen (17) sites fall into this category. 
 

• Valley areas included the San Luis Valley, the Rio Chama and Jemez 
River valleys, the Middle Rio Grande below Cochiti Dam, and areas 
within the watershed that lie east of the Manzano and Sandia Mountains 
(Plains). Nineteen (19) sites fall into this category. 

 
Statistical methods used to evaluate these trends are described in Appendix C. 

3.2 General Description of Climate Change 
Projections  

Evaluation of the long-term availability of water supplies typically involves a 
combination of approaches that characterize both past and projected climate and 
climatic variability. These approaches may include use of paleo-climatic and 
paleo-hydrologic indicators (e.g., tree rings, pollen, ice cores, ocean and lake 
sediments, stable and radioisotopes) that capture the natural climate variability 
over thousands of years—which may exceed the range of variability found in the 
instrumental record. This information is evaluated statistically to characterize the 
uncertainties in climatic conditions. Projections of future climate changes are 
usually developed through the use of GCMs, which have been steadily increasing 
in sophistication and complexity over the past several decades. 

3.2.1 Projections and Emissions Scenarios 

The World Climate Research Programme (WCRP) Coupled Model Inter-
comparison Project Phase 3 (CMIP3) (Meehl et al. 2007) produced multiple 
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climate projections for the Intergovernmental Panel on Climate Change (IPCC) 
Fourth Assessment Report (IPCC 2007). These climate projections are based on 
an assemblage of GCM simulations of coupled atmospheric and ocean conditions, 
with a variety of initial conditions of global ocean-atmosphere system, and four 
distinct “storylines” or “scenarios” about how future demographics, technology 
and socioeconomic conditions might affect the emissions of greenhouse gases. 
These are more fully described in the IPCC Special Report on Emissions 
Scenarios (IPCC 2000), which states that the emission scenarios are potential 
futures based on assumptions of global economic activity and growth, as shown in 
Figure 9, Panel A. The IPCC (2007 [Summary]) explains: “They cover a wide 
range of key “future” characteristics such as demographic change, economic 
development, and technological change. For this reason, their plausibility or 
feasibility should not be considered solely on the basis of an extrapolation of 
current economic, technological, and social trends” (page 4). The four families of 
emission scenarios are: 
 

• A2 (high emissions). The A2 storyline and scenario family describes a 
very heterogeneous world. Economic development is primarily regionally 
oriented, and per capita economic growth and technological changes are 
more fragmented and slower than in other storylines. 
 

• A1B (moderate emissions). The A1 storyline and scenario family 
describes a future world of very rapid economic growth, global 
population that peaks in mid-century and declines thereafter, and the rapid 
introduction of new and more efficient technologies. A1B storyline posits 
a technological change that is balanced across fossil and non-fossil energy 
sources. 
 

• B1 (low emissions). The B1 storyline and scenario family describes a 
convergent world with the same global population that peaks in mid-
century and declines thereafter, as in the A1 storyline, but 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. 
 

• B2 (moderate emissions). The B2 storyline and scenario family describes 
a world in which the emphasis is on local solutions to economic, social, 
and environmental sustainability. It is a world with continuously 
increasing global population at a rate lower than A2, intermediate levels 
of economic development, and less rapid and more diverse technological 
change than in the B1 and A1 storylines. 

 
Corresponding carbon dioxide (CO2) emissions and atmospheric concentrations 
for some of the emissions scenarios are shown in Figure 9, Panels B and C below. 
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Figure 9.—Carbon dioxide emissions and atmospheric concentrations for the four 
families of emission scenarios used in the Intergovernmental Panel on Climate 
Change Fourth Assessment Report (IPCC 2007). 
 
 
The development of climate projections by the WCRP and an associated 
assessment report by the IPCC is a recurring 7-year process. The next generation 
of climate projections, Coupled Model Inter-comparison Project Phase 5 (CMIP5) 
was not available at the time that the analyses were performed for the URGIA. 
However, these projections have recently been developed and are providing the 
basis for the next IPCC assessment report (Fifth Assessment Report, or AR5), 
which is currently being prepared. Although the most recent suite of climate 
projections based on the CMIP5 models use a different approach for representing 
future greenhouse gas emissions, and many of the GCMs have improved  
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representations of the physical atmosphere-ocean system, projections based on 
CMIP3 are still widely used in Impact Assessments and remain a valid approach 
for evaluating climate change impacts. 
 
The spatial resolution of the GCM climate projections is typically on the order of 
1-2 degrees of latitude/longitude, which is too coarse for use in regional and 
project-scale planning because finer scale geographic features, which may 
significantly influence local climate, are not represented. Also, GCM output is 
generally archived on a monthly timescale, adding to the limitations of its use for 
water resources planning studies. Therefore, projections of finer scale regional 
conditions require a method of downscaling GCM projections in both space and 
time. Typical downscaling methods include: 
 

• Dynamical, which uses Regional Climate Models (RCM) that are based on 
boundary conditions defined by GCMs. 
 

• Statistical, which uses statistical techniques to relate finer-scale regional 
climate characteristics to larger scale GCM projections. 

 
Although dynamical downscaling is increasingly used as a methodology for 
producing climate projections, it is computationally intensive, which makes it 
prohibitive for many long-term planning studies. The URGIA relies on the 
statistical downscaling approach for development of future climate projections. 
 
Statistical methods have been widely applied to produce spatially-continuous 
fields of temperature and precipitation at fine scales (< 10 miles) covering the 
entire United States. Reclamation, in cooperation with Lawrence Livermore 
National Laboratory, Santa Clara University, Climate Central, and the Institute 
for Climate Change and its Societal Impacts, have developed an archive of 
112 monthly and daily statistically downscaled projections of temperature 
and precipitation based on CMIP3, using the Bias Correction and Spatial 
Disaggregation (BCSD) technique of Wood et al (2002). These projections cover 
the entire United States at 1/8 degree spatial resolution (12 km) for the period 
from 1950 through 2099. These projections were produced from results of 
16 different CMIP3 GCMs, simulating 3 different emissions scenarios (A2 [high 
emissions], A1B [moderate emissions], B1 [low emissions]) along with various 
assumptions about initial ocean and atmosphere conditions. A detailed description 
of the BCSD method is contained in Reclamation’s Bias-Corrected and Spatially 
Downscaled Surface Water Projections report (Reclamation 2011c). An overview 
of the approach is provided in Appendix D. 

3.2.2 Streamflow Simulations 

Streamflow simulations based on projections of future climate using the BCSD 
approach described above were performed using the Variable Infiltration Capacity 
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(VIC) Model. The VIC model (Liang et al. 1994, Liang et al. 1996, and Nijssen 
et al. 1997) is a spatially distributed hydrologic model that solves the water 
balance at each model grid cell. It has been widely used in large-scale hydrologic 
studies across the globe to explore the implications of climate change on water. 
To produce future projections of streamflow consistent with the above described 
statistically downscaled climate projections, the VIC model is applied once for 
each set of temperature and precipitation projections associated with a GCM and 
emissions scenario combination (i.e., the 112 simulations in CMIP3). The VIC 
model generates simulated natural streamflow over the period 1950 through 2099, 
consistent with the time period for transient (or BCSD) climate projections. 
 
The VIC model of natural streamflow projections is most useful if analyzed at a 
monthly time step, as was done for the URGIA. Daily time-steps have been found 
to frequently contain unrealistic daily precipitation estimates, especially at smaller 
spatial scales of interest in water resources planning. 
 
Using a similar approach to that used for BCSD to remove systematic biases in 
GCM simulations, we applied a bias correction procedure to remove systemic 
biases in the VIC model of natural streamflow projections. Bias-correction 
techniques may be applied at locations where reconstructed observed natural 
streamflows exist. These techniques produce flows that very closely match the 
long-term statistics and time series behavior of a natural or modified flow dataset 
for a particular site. 
 
We used the developed streamflow projections from the VIC model were used as 
input to the Upper Rio Grande Operations Model URGSiM to simulate the 
effects of local water operations on the projected available water. URGSiM uses 
hydrologic and climatic inputs (e.g., monthly flow, precipitation, and minimum 
and maximum temperature) to simulate the movement of surface water and 
ground water through the Upper Rio Grande system from the San Luis Valley in 
Colorado to Caballo Reservoir in southern New Mexico including the Rio Chama 
and Jemez River tributary systems, and the Española, Albuquerque, and Socorro 
regional groundwater basins. URGSiM simulates: 
 

• Operations of nine dams 
 

• Interbasin transfers from the Colorado River Basin to the Rio Grande 
Basin (via Reclamation’s San Juan-Chama project) 
 

• Agricultural diversions and depletions in the Chama, Española, and 
Middle Rio Grande Valleys (most of which occur via irrigation 
infrastructure originally built by Reclamation as part of the Middle 
Rio Grande Project) 
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• Evapotranspiration (ET) i.e., the evaporation plus water use by riparian 
plants and crops 

3.2.3 Base Case Model Run 

The operations model scenario used for most of the analyses presented in the 
URGIA, termed the “Base Case Scenario,” only represents changes that result 
directly from projected changes in the climate. Infrastructure, reservoir 
operations, human population, irrigated agriculture, and other non-climate-related 
parameters have stayed the same, to allow our analyses to isolate the impacts of 
climate change on river and water-management systems. These other factors will 
need to be considered in water-management planning for the Upper Rio Grande 
Basin, potentially as part of a Basin Study, but these are not considered here. 

3.3 Sources of Uncertainty 

The projections presented here are based on reasonable assumptions about our 
future. Since we do not actually know how humans are going to behave, what 
energy sources they will be using, or how much carbon dioxide they will emit 
into the atmosphere, there is uncertainty associated with any projection of future 
climatic changes. For example, since the initiation of work on the URGIA, carbon 
dioxide emissions have been high enough that it is very unlikely that we will have 
a future consistent with the B1 (low emissions) scenario used in the URGIA 
analysis. Our emission scenarios are constantly being refined, and the generation 
of hydrologic projections will need to be as well. The analyses presented in the 
URGIA are based on the CMIP3 suite of GCM simulations associated with the 
IPCC’s 4th Assessment Report (AR4). Since work began on the URGIA, an 
additional suite of GCM simulations (known as CMIP5) has become available, 
and Reclamation is currently working to develop hydrologic projections based on 
these updated model runs. However, these new projection sets were not available 
to support the analyses presented here. Still, the projections of potential 
hydrologic impacts of climate change generated under the URGIA are reasonable 
based on the information available to date and provide a sound basis for initial 
conceptualization of adaptation measures. 
 
As discussed at the beginning of this chapter, and shown in Figure 8, this analysis 
is built upon a series of analytic steps: starting with GCM runs at a global scale, 
downscaled and bias corrected for use at a local level (BCSD projections) 
followed by land surface modeling (rainfall-runoff) at a basin scale (the VIC 
model), and finally operations modeling at the river network level (the URGSiM 
model). Each of these models represents a conceptual simplification of a complex 
physical system that is imperfectly understood. In addition to the three different 
model types employed, there are statistical methods employed to connect them. 
GCM output is statistically downscaled for use in the VIC model and operations 
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model, and statistical methods are used to condition the uncalibrated land surface 
model output for use in the operations model. Output from each model carries 
with it uncertainties associated with simplification and lack of understanding of 
the modeled system, and each statistical transformation of the output increases 
these uncertainties. By definition, these uncertainties are difficult to quantify, but 
can have significant effects on the hydrologic projections generated. Like the 
emission scenarios, the modeling tools are continually being refined, and, as 
planning moves forward, the hydrologic projections developed by these tools will 
have to be reexamined as well. 
 
The uncertainties associated with each step in the URGIA analysis are further 
explored in Section IV of Appendix D. 
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4. Impact Assessment: Projected Climate 
and Water Supply, Demand, and Delivery 

This chapter describes the projected changes for the Upper Rio Grande’s climate, 
water supply, demand, and delivery. 
 
Section 4.1 describes the past and current climate in the region, and the processes 
and forces that drive that climate. That section also presents an analysis of the 
current trends in climate and hydrology in the Upper Rio Grande Basin—the 
degree to which the region has already experienced warming, and associated 
hydrologic changes. Following that is a general presentation of the future climate 
and hydrology of the region, as determined from climate and hydrology models. 
 
Section 4.2 presents projected changes to water supply, in terms of streamflow, 
reservoir levels, imported water supply, groundwater recharge, and groundwater 
discharge to streams. The impacts of climate change on the Upper Rio Grande 
hydrologic system are a result of changing magnitude, timing, and variability of 
inflows to the system, coupled with temperature-driven increases to evaporative 
demands. A series of quad graphs in each subsection presents several aspects of 
the changes in those locations. Please note that each basin presents an 
independent analysis and thus uses a different scale. 
 
Section 4.3 addresses water demand and delivery in Colorado and New Mexico. 

4.1 Climate in the Upper Rio Grande Basin: Past, 
Present, and Future 

4.1.1 Discussion and Overview of the General Climate 
Characteristics of the Upper Rio Grande 

Climate may be distinguished from weather by the longer timescale, decades as 
opposed to days or weeks, over which meteorological conditions are considered. 
Meteorological conditions include temperature, precipitation, solar radiation, 
wind, atmospheric pressure, and humidity, among others. Evaluations of changes 
in climate include both natural variability and human-induced long term changes 
in climate. Natural variability includes multi-year cycles in climate such as 
El Niño and La Niña, as well as cycles that can occur on even longer time scales 
(for example, the Pacific Decadal Oscillation). Naturally-caused variations in 
climate continue to occur into the future along with changes due to increased 
greenhouse gas concentrations from human activities. A literature review 
summarizing the current climate of the Upper Rio Grande and climate trends in 
the southwestern United States is presented in Appendix B. 
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The Upper Rio Grande Basin is classified as an arid climate, with average annual 
precipitation in most areas of less than 15 inches (38 centimeters [cm]) except in 
mountain regions. As previously noted, the majority of the water supply derives 
from snowmelt in the mountainous areas of the basin headwaters. Local 
precipitation is bi-seasonal, with the major peak in summer (July to September) 
and a secondary peak in winter (November to March). Arid spells are typical in 
spring (April to June) and fall (late September through early November). 
Temperature and precipitation vary by latitude and elevation within the Upper 
Rio Grande Basin (Kunkel et al. 2013b). See Section 2.1 for locations of areas 
described. Although annual average temperatures do not capture the range of 
annual variability, they do convey the relative temperatures in different 
subregions within the Upper Rio Grande Basin.  
 

• In the San Luis Valley of Southern Colorado, the average annual 
temperature is 41 to 45°F (5 to 7 degrees Celsius [°C]) and precipitation 
averages less than 10 inches (25 centimeters [cm]) per year. In the 
adjacent San Juan Mountains of southern Colorado, average annual 
temperatures are as cool as 21 to 30°F (-6 to -1°C), with precipitation in 
the wettest areas exceeding 40 inches (100 cm) per year. 

 
• The Albuquerque portion of the Upper Rio Grande Basin has an annual 

temperature of approximately 51 to 55°F (11 to13°C; Figure 10) 
and receives 11 to 15 inches (28 to 38 cm) of precipitation per year 
(Figure 11). 

 

 
Figure 10.—Observed annual temperature, averaged over the Upper Rio Grande 
Basin. Red line indicates annual time series for the given geographic region. Blue 
line is 25-year moving annual mean. 
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Figure 11.—Observed annual precipitation, averaged over the Upper Rio Grande 
Basin. (University of Arizona et al. 2007). Red line indicates annual time series for 
the given geographic region. Blue line indicates 25-year moving annual mean. 
 
 
Southern, lower-elevation areas south of Elephant Butte Dam have average 
annual temperatures of 61 to 65°F (16 to 18° Celsius [°C]), and receive less than 
15 inches (38 cm) of precipitation annually. 
 
The basic pattern of New Mexico’s climate is driven by its latitude and its 
position in the continental interior. Solar heating of Earth’s surface along the 
equator causes humid air to rise and to drop its moisture as rain in a band along 
the equator. A portion of air that has risen at the equator moves north and south at 
a high altitude, where it cools and eventually descends over the subtropics. As it 
descends, that air warms and its capacity to retain moisture increases, pulling 
moisture out of the environment as the air mass descends.1 The descending dry air 
returns towards the equator. This convection system moving air between the 
equator and the subtropics is known as a Hadley Cell (Figure 12). Most of the 
world’s deserts are located at the descending arm of the Hadley Cell, including 
the Mohave, Sonoran, Chihuahuan, Sahara, Thar, and Saudi Arabia deserts in the 
Northern Hemisphere, the Atacama, Kalahari, and central Australian deserts in 
the Southern Hemisphere. The southern portion of the Upper Rio Grande Basin is 
within the Chihuahuan desert. 

                                                
     1 As a general rule of thumb, rising air cools and as it cools, its ability to hold moisture 
decreases. Thus, the water that rising air contains condenses and eventually precipitates out—so 
areas underneath rising air get rain. Descending air warms, and as it warms it can hold more 
moisture, so it becomes relatively drier. Areas underneath descending air do not get rain. 
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Figure 12.—Atmospheric circulation in the climate system (Hadley cells) (source: 
National Aeronautics and Space Administration [NASA], nd). 
 
 
The Hadley Cell in the Northern Hemisphere shifts north in the summer and south 
in the winter due to the tilt of the earth’s axis. During summer months, the 
northern portion of the descending arm of the Hadley Cell encompasses northern 
New Mexico and southern Colorado, allowing hot, dry air to settle over the 
region from March through September. The aridity and heat are reduced in late 
summer/early fall due to the North American Monsoon, in which diurnal heating 
of the land surface pulls humid air in from the Gulf of Mexico (sometimes the 
southeastern Pacific). Heating this air leads to daily convective storms producing 
intense, localized cloud-bursts. The location of these storms is strongly influenced 
by topography (with higher elevations tending to have more reliable monsoonal 
precipitation than lower elevations), and latitude (with southeastern Arizona 
inside the core monsoon region and the Upper Rio Grande outside of that region). 
Precipitation during the summer monsoon is characteristically more than 
50 percent of the annual local precipitation total in the lower elevation portions 
of the Upper Rio Grande. The North American Monsoon tapers off in fall as 
diurnal heating is reduced, although remnant Tropical Pacific cyclones can bring 
sustained precipitation to the region, especially in September. 
 
With the onset of winter, the area of maximum heating shifts south of the equator, 
which causes the northern limit of Hadley Cell circulation to shift south of the 
study area and enables the jet stream to push mid-latitude cyclonic storms into the 
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region. These storms precipitate rain and snow over wide areas, and alternate 
with high pressure systems that bring dry, sunny weather to the region. However, 
the amount of precipitation from these systems is limited because the Upper 
Rio Grande is in the interior of North America: it is surrounded by dry land and is 
distant from warm oceans. This limit is exacerbated by the region’s location in the 
rainshadow of the Sierra Nevada mountains: much of the moisture coming off of 
the Pacific is wrung out of storm systems as they cross the Sierras, and is only 
added back in when these storms reach the Plains states and tap into humid air 
masses originating over the Gulf of Mexico. As a result, winter precipitation 
across most of the region is less than summer. 
 
4.1.1.1 Overview of Winter Climate in the Upper Rio Grande Basin 
Winter precipitation in the Upper Rio Grande Basin varies from year to year 
depending primarily on the Pacific Ocean sea surface temperature. Areas of the 
ocean with warm sea surface temperatures add a great deal of heat (energy) and 
moisture to overlying air masses, creating larger storms with greater precipitation 
potential. Areas with cool sea surface temperatures fail to heat the air much, and 
these areas produce small, weak storms with low or no precipitation potential. 
Ocean temperatures in areas that matter for Southwestern climate—the eastern 
Pacific and the Gulf of Mexico—vary in temperature from year to year, with 
direct consequences for climate in the Upper Rio Grande. 
 
The most familiar variation in ocean temperature (and in the overlying 
atmosphere) is the El Niño-Southern Oscillation (ENSO) cycle. In a normal 
(ENSO-neutral) year, surface winds push warm equatorial Pacific surface waters 
to the west, creating a pool of warm water near Indonesia and allowing very cold, 
deep ocean water to rise to the surface in the eastern Pacific from northern Peru to 
Mexico. Over the warm pool, heat and moisture are contributed to the air, the 
warm air rises, and heavy precipitation occurs in the western Pacific. At the same 
time, the air over the eastern Pacific is comparatively cool and dry, and therefore 
the eastern Pacific and adjacent regions (such as the Southwest) are relatively cool 
and dry. 
 
In an El Niño year, the warm pool “migrates” to the east, leaving Indonesia cooler 
and drier, and shutting off the upwelling of cold ocean water in the eastern 
Pacific. Although most precipitation occurs out to sea, there is a significant 
increase in atmospheric moisture in the eastern Pacific, which brings more winter 
precipitation to the Southwest. Winter 2009-2010, in which the snowpack was at 
near-normal levels, was an El Niño year. 
 
ENSO has a third state known as La Niña. In a La Niña phase, the warm pool 
migrates to the west of its normal position, bringing additional rain to Indonesia  
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and Australia while at the same time bringing hyper-dry conditions to the eastern 
Pacific. Winter 2010-2011, which was a La Niña winter, was exceptionally warm 
and arid in the Southwest. Snowpacks in the basin were well below normal. 
 
The frequency of El Niño and La Niña events has increased since the 1970s. 
Before 1970, El Niño and La Niña events occurred in roughly equal frequencies, 
and were separated by several normal (ENSO-neutral) years. Since the late 1970s, 
the frequency of El Niño and La Niña events has increased, El Niño events have 
outnumbered La Niña events by 2:1, the number of “normal” years separating the 
two have decreased, and El Niño events have increased in strength. The reasons 
for these changes are poorly understood. They may relate to other large-scale 
climate phenomena, including long-cycle changes in sea surface temperatures in 
the north Pacific which operate on multi-decadal (50-80 year) cycles, and which 
can serve to amplify or dampen the different phases of the ENSO cycle. Since the 
1970s, Central Pacific El Niño events have become more common, in which the 
warm pool occurs in the central rather than eastern Pacific. During Central Pacific 
El Niño events, precipitation in the U.S. is reduced relative to Eastern Pacific 
El Niño events, leading to winter precipitation in the Upper Rio Grande that is at 
or only slightly above normal (Jin-Yi and Yuhao 2013). Since 1990, five of the 
last seven El Niño events have been Central Pacific El Niño events. 
 
ENSO effects on precipitation in the Southwest are primarily a winter 
phenomenon, and summers are usually characterized by ENSO-neutral or 
transition states. NOAA maintains a regularly updated discussion of current 
ENSO status, near-term (about 6 month) ENSO projections, and implications for 
how changes in ENSO would affect temperature and precipitation across North 
America. 
 
The strength of El Niño and La Niña are also affected by the interplay of long- 
and short-term climate cycles. Long-term wet and dry cycles in the Southwest are 
controlled primarily by Pacific sea surface temperatures (SST), particularly the 
multi-decadal Pacific Decadal Oscillation (PDO), and Atlantic SSTs via the 
Altantic Multidecadal Oscillation (AMO). The phase of the PDO in particular acts 
to amplify and dampen portions of the ENSO cycle. The negative (cool) phase of 
the PDO enhances La Niña effects and dampens the increase in precipitation 
during El Niño events while the reverse is true under during positive PDO cycles. 
The PDO has been in a negative phase since May 2010 (Mantua 2013). 
Historically, the driest periods in the Southwest were associated with cool Pacific 
SSTs (negative PDO) and warm Atlantic SSTs (positive AMO) (McCabe et al. 
2004). 
 
4.1.1.2 Overview of Summer Climate in the Upper Rio Grande Basin 
Summertime precipitation and temperature in the Upper Rio Grande Basin is 
dominated by the North American monsoon. The North American Monsoon is 
driven by daytime heating of the land surface that, in turn, warms the lower 
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atmosphere leading to atmospheric convection. The rising air cools and, if 
moisture is present, can lead to precipitation. The monsoon is initiated in mid-
summer when surface heating is strong enough over a large enough area to draw 
in moisture from the Gulf of Mexico and, secondarily, the eastern Pacific/ Gulf of 
California. The monsoon onset is time-transgressive, beginning mid-June in areas 
in the southern part of the Southwest and in mid-July in areas in the north. 
Monsoon strength increases with elevation, in direct proportion to the amount 
of increase in daytime air mass rise. 
 
The strength of the monsoon varies greatly from year to year for reasons that are 
not well understood. The strength of the monsoon appears to depend on: 
 

1) How hot the Southwest gets (i.e., how much heat is available to drive air 
convection) 

 
2) How warm the sea surface temperatures are in the eastern Pacific and 

Gulf of Mexico, which serve as the principal sources for moist air and 
therefore determine the amount of moisture in air masses being pulled 
into the Southwest 

 
3) How active the cyclone/hurricane season is in the eastern Pacific and 

Gulf of Mexico, which can push tremendous amounts of moisture into 
the Southwest during the late summer and early fall 

 
Monsoon strength is also affected by sea surface temperatures at the hemispheric 
scale that govern large-scale movements of air masses at different latitudes. The 
specific controls on interannual variations in monsoon strength are not well 
understood. 
 
Monsoon precipitation is typically intense but localized, and rarely has a uniform 
effect across a large drainage basin area, such as the Upper Rio Grande. However, 
precipitation can be more widespread if the monsoon is able to tap moisture from 
a tropical cyclone in the moisture source regions. 

4.1.2 Observed Trends in Climate 

For the entire Upper Rio Grande study area, temperatures increased substantially 
from 1971 through 2012, with the average annual temperatures increasing by 
2.5°F. Nighttime low temperatures increased faster than the daytime high 
temperature, 2.7 °F vs. 1.8 °F, respectively (Table 1). Precipitation was 
unchanged at the regional scale. Mountain and valley regions responded 
differently to warming, with average temperatures in the mountains increasing by 
2.7°F, but average temperatures in the valleys increasing by only 1.6°F over the  
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Table 1.—Median rates of temperature change (°F per decade) for 
different time periods 

  Early 1971-2000 Late 2001-2012 1971-2012 

Tmax Mountains 0.31 0.70 0.25 

 Valleys 0.45 -0.23 0.61 

 Region 0.40 0.45 0.45 

Tmin Mountains 1.12 3.15 1.21 

 Valleys 0.65 -0.68 0.50 

 Region 0.76 1.35 0.67 

Tavg Mountains 0.76 1.93 0.67 

 Valleys 0.70 -0.13 0.59 

 Region 0.65 0.13 0.63 

 
 
same period. The change in the mountains was driven by increases in nighttime 
low temperatures whereas the change in the valleys was driven by increases in 
both nighttime low and daytime high temperatures. 
 
The rate of temperature change (°F/decade) was not constant over the period 1971 
through 2012 (Table 1). In the 11 years beginning in 2001, the trend in maximum 
and minimum temperatures has been negative in valley areas. By contrast, 
mountain regions have been characterized by accelerated increase in warming. It 
is not immediately clear what is driving these changes. 
 
Geographically, the amount of change documented in mountain temperatures 
was greater in the more northern portions of the Upper Rio Grande Basin. 
 
Temperatures in the Tusas Mountains in the north (which run from the Colorado-
New Mexico border south to the Rio Chama Valley) increased by 5.84°F on 
average, while temperatures in the Jemez Mountains in the south increased at 
about a quarter of that rate over the same period. 
 
Among valley sites, the greatest temperature increases were measured at sites in 
the Middle Rio Grande, where average temperatures increased by 0.88°F per 
decade from 1971 through 2012. 
 
Increasing minimum temperature and decreasing precipitation in March and 
November are important changes identified by the trend analysis because these 
contribute to a longer growing season and decreased period of snowpack 
accumulation in winter months. 
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The monthly patterns of change in mountain and valley minimum temperature are 
similar, but differ in magnitude. Two factors may be at play. Valley minimum 
temperature is affected by cold air drainage; under warming, nighttime inversions 
may be becoming more frequent (Daly et al. 2010) and this may reduce the rate of 
gain in valley minimum temperature. By contrast, warming in mountain areas in 
the presence of soil moisture or snowpack contributes to daytime evaporation of 
that moisture; condensation under cooler, nighttime temperatures releases heat in 
the atmosphere and may contribute to faster nighttime warming in higher altitude 
settings, particularly in winter (Rangwala 2012). 
 

4.1.3 Future Changes in Climate 

In future years, more pronounced changes are anticipated in the climate in the 
Upper Rio Grande, including greater increases in average temperature, earlier 
snowmelt runoff, and increased variability in streamflow and other hydrologic 
variables. Projected changes in the climate and hydrology of this region were 
summarized in the SECURE Water Report (Reclamation 2011a). The projections 
summarized in that report were developed from the WCRP CMIP3 climate 
projections, which were bias-corrected and spatially downscaled to this region 
<http://gdo-dcp.ucllnl.org/downscaled_cmip3_projections>. The results project 
that the mean-annual temperature would increase by 5 to 7°F during the 
21st century (Figure 13). The range of annual variability between the projections 
among the CMIP3 simulations widens through time. 
 
There is significant disagreement among the climate projections regarding the 
likely change in annual precipitation over the region. However, the combined 
mean from numerous projections suggests that mean-annual precipitation, 
averaged over the Upper Rio Grande, would gradually decrease during the 
21st century. The projections also suggest that the annual precipitation in 
the Upper Rio Grande Basin will remain quite variable over the next 
century (Figure 13, Panels C and D). More frequent rainfall events and 
less frequent snowfall events are projected within the Upper Rio Grande 
Basin. 
 
Warming temperatures are expected to diminish the accumulation of snow during 
the cool season (i.e., late autumn through early spring) and the availability of 
snowmelt to sustain runoff to the Upper Rio Grande during the warm season 
(i.e., spring through early summer). Although increases or decreases in cool 
season precipitation could offset or amplify changes in snowpack, it is apparent 
that the projected warming in the Upper Rio Grande Basin tends to dominate 
projected effects. Snowpack decreases are expected to be more substantial over 
the lower-lying portions of the basin where baseline cool season temperatures are 
generally closer to freezing thresholds and more sensitive to projected warming. 
 

http://gdo-dcp.ucllnl.org/downscaled_cmip3_projections
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Figure 13.—Simulated annual climate averaged over Rio Grande sub-basins. 
 
 
Changes in climate and snowpack within the Upper Rio Grande Basin would 
change the availability of natural water supplies. These changes, which are 
described in the following sections, may be due to annual runoff or to runoff 
seasonality. For example, warming temperatures alone (without any changes in 
the amount of precipitation) would lead to increased ET from the watershed and 
decreased annual runoff. Increases or decreases in precipitation (either rainfall or 
snowfall) would offset or amplify the effect. 

4.2 Impacts of Climate Change on Water Supply 

This section of the report summarizes simulation results that describe impacts on 
water supply, including basin inflows of native water, inflows of imported water 
(from Reclamation’s San Juan-Chama Project, see Section 2.1.1.1), and 
groundwater recharge and discharge. 
 
Overall, climate change is projected to significantly decrease available water 
supplies in the Upper Rio Grande Basin. Supplies from all native water sources to 
the Rio Grande are projected to decrease by an average of about one third, while 
flows in the tributaries that supply the San Juan-Chama Project are projected to 
decrease by an average of about one quarter over the course of the 21st century. In 
all cases, projections show an increased variability in both monthly and annual 
flows as the simulations progress into the future. The amount of flow in each 
season changes dramatically for the Colorado headwaters, the Chama and Jemez 
Rivers, and the San Juan-Chama Project tributary flows. 
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4.2.1 Native Basin Inflows 

As discussed in section 2.2.1, the native supply of streamflows to the Upper 
Rio Grande system can be separated into three major groups:  
 

• Colorado headwater inflows to the mainstem of the Rio Grande 
 

• Inflows from minor tributaries in New Mexico 
 

• Inflows to major (gaged) tributaries in New Mexico, including the 
Rio Chama (and its tributary the Ojo Caliente) and the Rio Jemez 

 
The following subsections describe the impact of climate change on these inflows 
to the basin, which provide the water supply for downstream water operations and 
uses. 
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4.2.1.1 Colorado Headwaters 
Colorado headwater inflows are, for the purposes of this analysis, represented 
by the measured flows at four stream gage locations used by the Rio Grande 
Compact (Colorado et al. 1938) and shown in Figure 2 to determine Colorado’s 
delivery obligation to New Mexico, known as the Colorado “index” gages: 
 

• Rio Grande near Del Norte 
• Conejos River near Mogote 
• Los Pinos River near Ortiz 
• San Antonio River at Ortiz 

 
Figure 14 provides the analysis results for the ensemble of simulations for the 
Colorado headwaters. In Panel A, showing the average annual flow, the lightest 
shading shows all projections, the darker shading shows the middle 80 percent of 
projections, and the blue shows the median (5-year average of the median of the 
ensemble of results from all 112 GCM projections). Overall, the projections 
indicate that native supplies to the Rio Grande are projected to decrease on 
average by about one third. 
 
Projections show that: 
 

• Flows at the index gages would decrease by approximately one-third 
overall. The annual average flow at all four gage locations, as depicted 
by the median of our projections, decreases by about 33 percent from 
approximately 1,200 cubic feet per second (cfs) from 1950 through 1999 
to approximately 800 cfs near the year 2100. This decreasing trend is seen 
for all flows between the 10th percentile and the 90th percentile of model 
runs. Increased variability in terms of overall low and high flows can be 
seen starting in 2000. 
 

• Peak flows would shift to earlier in the year—from June to May. The 
variability of flows increases through time, with April and May being 
more and more likely to experience flows greater than the maximum flows 
from 1950 through 1999 for those months as time progresses, even as the 
overall flows decrease. 
 

• Most flow decreases would occur between June and September. 
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Figure 14.—The projected evolution of flows past the Rio Grande Compact index gages in Colorado. 
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4.2.1.2 New Mexico Minor Rio Grande Tributary Flows 
The minor tributaries included in this group of inflows to the Upper Rio Grande 
system summarized in this section are: Costilla Creek, Red River, Rio Pueblo 
de Taos, Embudo Creek, Rio Nambe, Santa Fe River, Galisteo Creek, Tijeras 
Arroyo, South Diversion Channel, and Rio Puerco. Figure 15 provides the 
analysis results for the ensemble of simulations for these inflows. 
 
Projections show that: 
 

• Inflows would decrease by one-third overall. As with the Colorado 
headwater inflows, the inflows to the Upper Rio Grande from these 
sources is projected to decrease by approximately one third (Figure 15). 
An average total inflow of about 275 cfs from 1950 through 1999 
decreases to about 175 cfs by the year 2100 (Figure 15, Panel A). 

 
• Peak inflow timing would not change. Interestingly, the shape of the 

hydrograph of these summed inflows shown in Figure 15, Panel A, does 
not vary—it simply decreases in all months. The timing of Colorado’s 
deliveries to New Mexico are related to the Rio Grande Compact and are 
not necessarily coincident to the timing of snowmelt and runoff. There are 
more southerly tributaries that are less snowmelt-driven. The B1 (low 
emissions) scenario is distinctly different from the other two emissions 
scenarios (Panel C), and the added volatility in the future is spread 
throughout all months of the year (Panel D). These aspects of the 
simulated flows distinguish the New Mexico minor tributaries to the 
Rio Grande from the other supply groups considered here. 
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Figure 15.—The projected evolution of Rio Grande tributary inflows in New Mexico (not including the Rio Chama or 
Rio Jemez inflows). 
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4.2.1.3 Native Chama and Jemez Inflows 
A third grouping of significant surface water inflows to the Upper Rio Grande 
includes the Rio Chama and its tributary, the Ojo Caliente, and the Rio Jemez. 
Figure 16 provides the analysis results for the ensemble of simulation for these 
inflows.  
 
Projections indicate that: 
 

• Inflows would decrease by one-third overall. As with the Colorado 
headwater inflows and the other Rio Grande tributaries in New Mexico, 
the model inflows from the Rio Chama and the Rio Jemez also decrease 
by approximately one third between the historic period and the end of the 
model runs. Median simulated flows of about 450 cfs from 1950 through 
1999 period drop to about 300 cfs by the year 2100 (Figure 16, Panel A). 
 

• Peak spring flows would occur earlier in the year—from May to 
April. Average flows in May decrease while average flows in April 
increase as the simulations progress (Figure 16, Panel B). The added 
volatility in the future is most noticeable during the winter and spring 
months (December through April), and limited during the summer months 
(June through September; Figure 16, Panel D). 
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Figure 16.—Projected inflows on the Rio Chama, Rio Ojo Caliente, and Jemez River. 
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4.2.2 Imported Water: The San Juan-Chama Project 

Reclamation’s San Juan-Chama Project brings a portion of New Mexico’s 
allocation under the Colorado River Compact into the Rio Grande system. The 
system, shown in Figure 17, diverts water from tributaries to the San Juan River, 
through the Azotea Tunnel and stores that water in Heron Reservoir, from where 
it is distributed. The San Juan-Chama Project supply depends on flows in three 
tributaries to the San Juan River: the Rio Blanco, the Little Navajo River, and the 
Navajo River. The project allocates 95,831 acre-feet of water per year to its 
contractors (369 acre-feet per year of the 96,200 acre-foot per year firm yield is 
currently unallocated). 
 

 
Figure 17.—Location and capacities in cfs of San Juan-Chama Project diversions 
and tunnels. 
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4.2.2.1 Diversions 
Figure 18 provides the analysis results for the ensemble of simulations for 
projected flows through the three diversion locations: Oso Diversion on the 
Navajo River, Little Oso Diversion on the Little Navajo River, and Blanco 
Diversion on the Rio Blanco. 
 
Projections show that: 
 

• Flows would decrease by one-quarter overall. The sum of flows in the 
three tributaries to the San Juan River is projected to drop by only about one 
quarter between the historic simulation period (1950 through 1999) and 
the year 2100, which is less than the one-third reduction projected for 
native Upper Rio Grande flows. The five-year average of the median flow 
projection decreases from approximately 225 cfs between 1950 and 1999, 
to approximately 165 cfs in 2100 (Figure 18, Panel A). 
 

• Peak flows would shift to earlier in the year. Total flows at the three 
diversion locations between February and April increase over the course 
of the century, as those between May and December decrease (Figure 18, 
Panel B). By the 2090s, almost 15 percent of simulated March and April 
flows are greater than any flow observed for those same months between 
1950 and 1999 (Figure 18, Panel D). 
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Figure 18.—Projections of total flows from the three San Juan-Chama Project diversion locations 
on the Rio Blanco, Little Navajo River, and Navajo River. 
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4.2.2.2 Azotea Tunnel 
Figure 19 provides the analysis results for the ensemble of simulations for 
projected flows through the Azotea Tunnel. 
 
Projections show that: 
 

• Flows would decrease by one-quarter overall. The ensemble average 
trans-basin diversion decreases steadily from around 90,000 acre-feet per 
year during the historic simulation period (1950 through 1999) to between 
70,000 and 80,000 acre-feet per year during the 2050 through 2099 period. 
 

• Flows would decrease in summer and increase in spring. Overall, 
tunnel flows decrease with a larger portion of the flows occurring earlier 
in the year. The overall reduction in tunnel flows comes from large 
decreases in divertible flows from May through October even while 
divertible flows increase in March and April. The seasonality of the 
average tunnel flows is shown in Figure 19, Panel B. 

 
The analyses on the availability of flows to the San Juan-Chama Project diversion 
tunnels were performed on a monthly basis. Therefore, these analyses do not 
capture potential changes to the volume or duration of snowmelt runoff at less 
than a monthly scale. Since snowmelt runoff is projected to occur earlier, and at 
potentially higher flow rates for a shorter period of time, the impacts on the 
San Juan-Chama Project’s ability to divert could be larger than shown in this 
analysis. However, infrastructure changes might be made to allow for a greater 
capture of short, high-discharge runoffs, so that these changes in runoff flows and 
timing do not significantly affect the San Juan-Chama Project’s ability to divert 
sufficient water. 
 
Also, it is important to note that, even if sufficient water is available in tributaries 
to the San Juan River for diversions to the San Juan-Chama Project, shortages 
within the Colorado River Basin could lead to priority calls or shortage sharing 
agreements that would result in decreased supply to New Mexico under the 
Colorado River Compact. Such shortages could result in decreases in 
Reclamation’s authorization to divert water to the San Juan-Chama Project, 
even if sufficient water is available locally. 
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Figure 19.—Projected flows through the Azotea Tunnel of the San Juan-Chama Project. 
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4.2.2.3 Heron Reservoir 
San Juan-Chama Project water is stored in the Heron Reservoir until it is moved 
downstream for storage or beneficial use. Heron Reservoir storage decreases 
significantly as the simulations progress, as shown in Figure 20, which displays 
Heron Reservoir storage on January 1st of each simulation year for the ensemble 
of simulations. As discussed in the next section, years when Heron Reservoir 
storage on January 1st is below 95,200 acre-feet result in a reduced initial 
allocation to San Juan-Chama Project contractors. 
 
Projections show that: 
 

• Storage in Heron Reservoir would be reduced. The reduction in storage 
seen in Figure 20 could be caused by a combination of the decreases in 
supply noted above and increases in use of San Juan-Chama allocations by 
contractors as temperature-driven demands in the Rio Grande basin 
(especially agricultural demands) rise as the simulations progress. 
However, as seen in Figure 21, San Juan-Chama Project releases from 
Heron are fairly constant through the first 100 years of simulation and 
don’t show an increasing trend. This suggests that the reduction in storage 
in Heron Reservoir seen in Figure 20 is predominantly a result of 
decreased inflows and not as a result of increased outflows. 

 

 
Figure 20.—Projected Heron storage on January 1st of each year. 
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Figure 21.—Projected releases of San Juan-Chama Project water 
from Heron Reservoir. 
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4.2.2.4 Impact on Annual Allocations to Contractors 
Heron Reservoir storage on January 1st (Figure 20) determines Reclamation’s 
initial allocation of San Juan-Chama Project water to the contractors. If the initial 
allocation is less than 100 percent of the firm yield, a second allocation may be 
made on July 1st. This means that any water in storage on January 1st plus any 
water that can be moved through Azotea Tunnel between January 1st and July 1st 

can be allocated in a given year to San Juan-Chama contractors. As January 1st 

storage begins to drop in the simulations, the July allocation becomes more 
important to the total San Juan-Chama Project allocation. 
 
Three time series showing the distributions of total, January, and July allocations 
are shown in the left side of Figure 22. As the flows through Azotea Tunnel 
become less reliable, the initial allocation also becomes less reliable, and the 
secondary allocation becomes more important. San Juan-Chama contractors 
receive a full allocation in 99 percent of simulated years from 1950 through 1999, 
94 percent during the 2020s, 72 percent during the 2050s, and only 61 percent in 
the 2090s. At the same time, July allocations go from negligible during the 1950 
through 1999 historic period to accounting for almost 40 percent of allocated 
water during the 2090s. Table 2 summarizes these trends quantitatively, and the 
right side of Figure 22 visualizes these trends as exceedance probability lines. 
This table and these figures show that the chances for a full allocation drop almost 
30 percent and July allocations rise almost 40 percent. 
 
 
Table 2.—San Juan-Chama allocations during different simulation periods 

Period 

Simulations with 
full San Juan-

Chama 
allocation on 

January 1 

Simulations 
with eventual 
full San Juan-

Chama 
allocation 

(July 1) 

Average 
total 

San Juan-
Chama 

allocation 

Average 
initial 

(January 1) 
allocation 

Average  
secondary 

(July 1) 
allocation 

1950 - 1999 98% 99% 99.95% 99.5% 0.45% 

2020s 72% 85% 94% 81% 14% 

2050s 51% 72% 88% 64% 24% 

2090s 36% 61% 81% 49% 32% 
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Figure 22.—Projected San Juan-Chama Project total annual allocations (top figures), January (initial) allocations 
(middle figures), and July (secondary) allocations (bottom figures). 
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4.2.2.5 Comparison to Previous Yield Estimates and Discussion 
Reclamation has estimated the potential firm yield of the San Juan-Chama Project 
since the 1950s era design phase. By “firm yield,” these studies meant the 
yield at which there would rarely be a shortage. Reclamation studies in 1964 
(Reclamation 1964), 1986 (Reclamation 1986), 1989 (Reclamation 1989), and 
1999 (Reclamation 1999), each with a longer hydrologic analysis period than the 
last, set the firm yield of the project to 101,800; 94,200; 96,200; and 96,200 acre-
feet, respectively.  
 
More recently, Roach (2009) performed an analysis using 604 years of tree-ring 
records developed by Gangopadhyay and Harding (2008). This analysis tracked 
Heron Reservoir storage as it would have been if the San Juan-Chama Project had 
been in operation over that 604-year hydrologic sequence. Figure 23 shows the 
resulting distribution of January 1st storage values at Heron Reservoir. Once the 
influence of initial conditions wears off, the distribution of possible values is 
fairly constant. Once this state is reached (about simulation year 2040 in 
Figure 23), there is approximately a 10 percent chance that Heron would start the 
year with less than 95,200 acre-feet in storage, and thus that the initial San Juan-
Chama Project allocation would be less than the contracted amount less than 
10 percent of the time. 
 

 
Figure 23.—Simulated Heron Storage on January 1st of a 150-year simulation 
representing the range of variability of a 600-year tree-ring record (simulated 
as if the San Juan-Chama Project was in operation for all of those 150 years). 
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In 2013, for the first time in the 42 years of operation of the San Juan-Chama 
Project, Heron Reservoir water supplies were insufficient on January 1st to 
support a complete initial allocation. Although Reclamation was able to provide a 
full supply July 1st, the supply is less certain for subsequent years. Whether this is 
just natural variability or a harbinger of things to come (as projected in the 
URGIA analysis) remains to be seen. This event may prompt an update of the 
firm yield calculations by Reclamation, and the added hydrologic record since 
1999 (the last time the firm yield was evaluated) might itself result in a reduction 
in the firm yield calculation. 
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4.2.3 Groundwater Discharge to Surface Water in New Mexico 

There are many ways that water can recharge the groundwater system, including 
aerially, at the mountain front, via seepage through the beds of rivers and streams, 
and via seepage through the root zone under irrigated agricultural fields (less that 
amount returned to the surface water system via drain capture). Estimation of 
how changes to precipitation and temperature predicted in the GCMs would 
alter precipitation-driven recharge (e.g., Serrat-Capdevila et al. 2007) is an area of 
on-going research in the West Wide Climate Risk Assessment However, for this 
study, mountain-front, areal, and tributary-streambed recharge were held constant. 
The sources of recharge that are expected to undergo the greatest changes in 
the Upper Rio Grande groundwater system are seepage through the bed of the 
Rio Grande itself and seepage through the root zone of agricultural fields since the 
sources of water from these forms or recharge, river flows, and agricultural 
irrigation are expected to be most affected by climate change. The effects of the 
changes in groundwater recharge that were include in the operational model 
simulations to the surface-water system are depicted below in terms of changes to 
groundwater levels and groundwater discharge in the following section. 
 
Groundwater discharge to the surface water system, where it occurs, can increase 
surface flows. Such discharge may be directly to the Rio Grande, Rio Chama, or 
Jemez River, to agricultural drains or to wells through pumping. Figure 24 and 
Figure 25 provide the analysis results for the simulations for groundwater discharge. 
 
Projections show that: 
 

• Groundwater levels would decrease. Shallow groundwater levels 
decrease slightly through the simulations (Figure 24). This decrease results 
in a reduction in ET (Figure 25, Panel D) and a decrease in groundwater 
discharge to the drains. 

 
• Groundwater recharge would decrease. At the same time, recharge 

from both river seepage and crop and canal seepage decreases due to 
reduced surface flows. The decrease in recharge from the surface water 
system is offset by the decrease in discharge to the drain system so that net 
surface water recharge remains fairly constant (Figure 25, Panel B). In the 
gaining reaches between the Embudo and San Felipe gages, groundwater 
discharge drops (Figure 25, Panel A), driven by shallow head reduction in 
the Cochiti to San Felipe reach. 
 

• Groundwater demand would increase. Groundwater extraction by 
Albuquerque and Santa Fe, New Mexico, increases (Figure 25, Panel C) as 
a result of slightly increased demand (as described in Section 4.3) and 
reductions in availability of San Juan-Chama Project water, an important 
surface water supply to municipalities in New Mexico. 
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Figure 24.—Projected average water elevation in the shallow groundwater aquifer 
between Cochiti and Elephant Butte reservoirs. 
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Figure 25.—Groundwater/surface water interaction between Embudo and Elephant Butte 
reservoirs (Panels A and B) and groundwater discharge via wells and riparian vegetation 
(Panels C and D).
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4.3 Impacts of Climate Change on Water Delivery and 
Consumption 

Sections 4.3.1 and 4.3.3 describe model projections of water delivery by the states 
of Colorado and New Mexico. Consistent with Reclamation’s stated approach for 
Impact Assessment, the operational modeling used in the URGIA assumes that 
current water operations are continued unchanged into the future, with no changes 
in population, agricultural area, riparian area, or other water uses or allocations. As 
previously explained, this allows the study team to isolate the impacts of climate 
change from other changes in the basin that affect water supply. Using this 
assumption, Colorado is modeled to use its ability for priority administration to 
assure its obligations are met under the Rio Grande Compact (Colorado et al. 1938). 
This results in significant impacts to modeled irrigated acreage. New Mexico, 
however, does not currently have a formal process for assuring Rio Grande 
Compact Compliance; and, therefore, no method is specified in the operations 
model. Reclamation recognizes that, under the projected hydrologic conditions, 
New Mexico would take steps to maintain Rio Grande Compact compliance. 

4.3.1 Southern Colorado Water Delivery 

Inflow projections at the four Colorado index gage locations in the San Luis Basin 
(known as “index gages” because of their role in the Rio Grande Compact), were 
described in Section 4.2.1.1. Our analyses of how those index gage inflows are used 
in Colorado, and thus how much water is passed through the San Luis Valley into 
New Mexico, were based on the simplifying assumption that Colorado would 
continue to comply with the Rio Grande Compact. Therefore, this URGIA does not 
address Colorado’s challenges in meeting its delivery obligations under the Rio 
Grande Compact but does determine the decreases in water use within the San Luis 
Valley that would be required to maintain Rio Grande Compact compliance. 
 
As was described in Section 4.2.1 and shown in Figure 14, annual average flows 
at the four index gage locations drops from approximately 1,250 cfs during the 
historic simulation period of 1950 through 1999 to around 800 cfs by the latter 
half of the 21st century, a decrease of more than 33 percent. The hydrographs at 
the four index gage locations described above were used to calculate the flows 
that would be needed to meet Colorado’s Rio Grande Compact deliveries 
(specific analysis methods are described in Appendix E: URGSiM). Since it is 
assumed in our model that Colorado would adjust its irrigation diversions so that 
required deliveries under the Rio Grande Compact are made, flows at the 
Rio Grande near Lobatos gage, which is near the Colorado/New Mexico state 
line, are assumed to match the delivery requirement, Figure 26 provides the 
analysis results for the ensemble of simulations for these flows in the Rio Grande 
near Lobatos. 
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Figure 26.—Projected flows along the Rio Grande near Lobatos, Colorado.
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Projections show that: 
 

• Flows would decrease by 50 percent near Lobatos. The Rio Grande 
Compact-driven flows near Lobatos appear to decrease on average from 
around 400 cfs during the historic simulation to 200 cfs by the end of the 
21st century, a 50 percent reduction. The reduction in flows near Lobatos 
is greater (about 50 percent) than the reduction at the index gages (about 
33 percent), suggesting that the Rio Grande Compact structure may buffer 
consumptive use in the San Luis Valley from changes to supply—at the 
expense of downstream deliveries to New Mexico. 

 
• Colorado would maintain compliance under the Rio Grande 

Compact. Figure 27 shows Colorado’s cumulative Rio Grande 
Compact balance. A positive value represents a credit (or over-delivery) 
downstream, while a negative value represents a deficit (or under 
delivery). As seen in Figure 27, although flow reductions at Lobatos are 
greater (about 50 percent) than at the index gages (about 33 percent), 
Colorado’s Compact balance stays near zero, and even tends to be slightly 
positive as the model runs progress. URGSiM is set up to try to match 
downstream delivery obligations based on the historic average shape of 
the hydrograph (See Appendix E). As the timing of those flows shift, 
earlier peak runoff mimics larger runoffs in the historic record, so fools 
URGSiM into over-predicting annual supply and annual obligation early 
in the year, and thus to over-deliver on average. This results in a 
Rio Grande Compact balance that is slightly positive through time. 

4.3.2 Southern Colorado Water Consumption 

The difference between the total flows at the four Colorado index gages and the 
delivery obligation under the Rio Grande Compact approximates the amount of 
Rio Grande and Conejos River water available for consumption in the San Luis 
Valley. However, this difference does not take into account all local sources that 
would contribute to the Upper Rio Grande river system below the Colorado index 
gages, and therefore underestimates the total water available. The flow of the 
various tributaries to the Rio Grande from the Sangre de Cristo mountain range 
to the east of the valley can be added as potential consumption, as can any water 
from Reclamation’s “Closed Basin” groundwater pumping project that are 
pumped into the Rio Grande to help with deliveries to comply with the 
Rio Grande Compact. 
 
The changes to those sources are beyond the scope of this analysis, and these 
changes are not considered here. For this reason, the analysis presented here of 
water available for consumption within the San Luis Valley only indicates 
changes to consumption of Colorado index gage flows under climate change, 
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Figure 27.—Colorado’s projected balance over time under the Rio Grande 
Compact. 
 
 
rather than as representative of the entire San Luis Valley. However, if the 
reduction to flows predicted at the Colorado index gages does occur, it is likely 
that these tributaries would be similarly affected. In addition, index gage flows 
represent a significant portion of the San Luis Valley’s renewable water supply, 
meaning this analysis is an important first step to consider the risks of climate 
change on water use in the San Luis Valley. Figure 28 provides the analysis 
results for the ensemble of simulations for southern Colorado water consumption. 
 
Projections indicate that: 
 

• The amount of water available for consumption would be reduced. 
Figure 28 shows the reduction in the amount of water available for 
consumption in the San Luis Valley (relative to the flow at the four 
Colorado index gages) for the URGIA projections. As can be seen, the 
consumption within the San Luis Valley drops from an annual average of 
about 800 cfs to an annual average of about 600 cfs, a decrease of 
approximately 25 percent.  
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Figure 28.—Projected water consumption in the San Luis Valley from the 
Rio Grande and the Conejos River. 
 
 

• Downstream deliveries would be reduced. The decrease in water supply 
at the Colorado Index gages of about 33 percent described above would, 
in turn, decrease Colorado’s delivery obligation under the Rio Grande 
Compact by an average of about 50 percent. Note that the delivery 
requirement, and the total water available for consumption shown in 
Figure 28 do not include water resources in the San Luis Valley that 
contribute to Rio Grande or Conejos River system flows below the 
Colorado index gages. 

 
The San Luis Valley is fully adjudicated, and water allocations are administered 
according to strict priority appropriations, after accounting for downstream 
delivery obligations. The Prior Appropriation Doctrine states that water rights are 
determined by priority of beneficial use. This means that the first person to use 
water or divert water for a beneficial use or purpose can acquire individual rights 
to the water. A 25 percent decrease in water available for consumption can be 
mapped directly to water rights that would no longer be served if that decrease 
were experienced. 
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Figure 29 shows the number and date of water diversion rights in the San Luis 
Valley along both the Rio Grande and Conejos River systems. Development 
on the Conejos River started first, with almost 1,000 cfs of diversion rights 
established when Rio Grande diversions began to be developed by 1870. Both 
systems were developed aggressively during the 1880s. The Conejos River was 
almost fully developed by 1890, with only small additional rights granted from 
then until the late 1920s when the last diversion rights were developed in that 
system. The rapid development of Rio Grande diversions also continued through 
the 1890s, but by the turn of the century, that system was almost fully developed 
with only minor additional rights granted between then and the early 1950s 
when the last diversion rights were granted on the Rio Grande. Total developed 
diversion rights exist for over 3,300 cfs of diversion from the Conejos River and 
over 5,600 cfs of diversion from the Rio Grande. 
 

 
Figure 29.—Size and priority date of water diversion rights on the Rio Grande and 
Conejos River systems in Colorado’s San Luis Valley. 
 
 
Note: There may be minor differences between this analysis and the actual 
administration of rights. The data used here and shown in Figure 29 are from the 
Colorado Division of Water Resources, Alamosa Division (Colorado Office of 
State Engineer nd). The data provided are ordered according to a priority  
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number that does not correspond in all cases to the order that would result from 
the priority date. To make analysis more intuitive; we used the data ordered 
strictly by priority date. Therefore, this analysis may not correspond to the actual 
administration of rights in all cases. 
 
To estimate which water rights would be served with a given amount of water 
available for consumption within the San Luis Valley, we must make assumptions 
regarding the percent of the diverted water that would return to the system and 
become available to be diverted again, and regarding how much consumable 
water enters the system below the four Colorado index gages. For simplicity, we 
ignore additional inflows and assume 50 percent return flows, meaning that 
500 cfs of internal consumption would serve 1,000 cfs of diversion rights because 
it would take 1,000 cfs of diversion to result in the 500 cfs of consumptive use. 
With this assumption and the data plotted in Figure 29, an estimate was made of 
the priority date of the last water right served in each month of each simulation. 
Figure 30 (Panels B and D) summarizes these results for each river system for the 
months of April through September. 
 
Projections show that: 
 

• Native inflows would decrease. This analysis suggests that water 
available for irrigation from native inflows to the San Luis Valley (as 
measured by gages above major diversions on the Rio Grande, Conejos, 
San Antonio, and Los Pinos rivers) would be reduced under climate 
change by an average of about 33 percent by the end of the 21st century. 
Assuming that Colorado meets downstream delivery obligations specified 
by the Rio Grande Compact, this supply reduction would reduce the water 
supply available for consumptive use in the San Luis Valley by about 
25 percent and reduce the average downstream delivery to New Mexico 
by about 50 percent by the end of the 21st century. 

 
• Fewer water rights would be served. As changes to flows occur, fewer 

water rights would be fully served on the Conejos and the Rio Grande. 
Water supplies from June through the end of the irrigations season are 
projected to experience the largest declines, and water rights with the most 
recent priority dates are most likely to experience shortages. The left side 
of Figure 30 shows the priority dates of water rights for which there would 
be sufficient water for a full supply every month from May through 
August. On both rivers, as the century progresses, a more senior water 
right (i.e., an earlier priority date) is needed to maintain full diversions 
throughout the heart of the irrigation season. 
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Figure 30.—Priority dates of water rights that would be fully served in the summer from the 
Rio Grande and Conejos River in the San Luis Valley (Panels A and C) and associated average 
monthly priority dates served (Panels B and D). 
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• Water rights would be served earlier in the irrigation season. On 
both rivers, fewer rights are satisfied during the months of June through 
September over time. On the Rio Grande, there is no significant change in 
the average right served in April, and more water rights are served in May, 
due to an earlier runoff peak (runoff peaks in May rather than June). On 
the Conejos River, more rights are served in April, and after an initial 
increase in rights served in May during the 2020s, fewer water rights are 
served in all months from May through September as the simulations 
progress.  

4.3.3 New Mexico Water Delivery 

4.3.3.1 Otowi Gage 
The Otowi gage is downstream of the confluence of the Rio Chama and 
Rio Grande and above Cochiti Reservoir (see Figure 3 for locations), and thus it 
is an important representation of total system inflows to New Mexico. The Otowi 
gage represents the official inflow point to the portion of New Mexico for which 
flows and downstream deliveries must be accounted under the Rio Grande 
Compact. Figure 31 provides the analysis results for the ensemble of simulations 
for projected future flows at Otowi gage. 
 
Projections show that: 
 

• Flows passing Otowi Gage would decrease. Median projections suggest 
that annual-average flows would decrease from around 1,400 cfs to around 
1,000 cfs (29 percent) by the year 2100. 
 

• Timing of peak flows would not change significantly. The average peak 
flows have historically occurred in May. Change in timing of peak flows 
in the Rio Grande headwaters (Figure 14) are masked by tributary inflows 
that do not show a change in peak timing (Figure 15), and the result is 
reduced relative flows in June, but there is no shift in the peak flow month 
at Otowi. Peak flows on the Chama and in the San Juan-Chama tributaries 
are largely captured by the series of reservoirs in the Chama system, and 
thus have a reduced effect on the timing of the peak seen at Otowi.  
 
The November peak is a result of non-irrigation season releases from 
Chama system reservoirs. March and April flows are larger than any 
historically observed in those months between 2 and 3 percent of the time 
by the 2090s. 
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Figure 31.—Projected Rio Grande flows at Otowi gage. 
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4.3.3.2 Central Avenue, Albuquerque 
Figure 32 provides the analysis results for the ensemble of simulations for flows 
at Central Avenue in Albuquerque. 
 
Projections show that: 
 

• Flows at the Central Avenue Gage would decrease. The flows at 
Central Avenue are projected to decrease by 36 percent, from an annual 
average of approximately 1,100 cfs during the historic period (1950 
through 1999) to less than 700 cfs by the 2090s. The shape of the 
hydrograph mirrors that seen at the Otowi gage, with May through August 
flows significantly reduced, but without changes in the timing of the 
average peak monthly flow. 
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Figure 32.—Projected Rio Grande flows at Central Avenue in Albuquerque. 
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4.3.3.3 Elephant Butte and Caballo Reservoirs 
Elephant Butte and Caballo reservoirs are located close together at the 
downstream end of the URGIA study area. Inflows to these reservoirs reflect both 
changes in the inflows to the Upper Rio Grande Basin and the changes in demand 
within the basin upstream of these reservoirs. Figure 33 through Figure 35 
provide the analysis results for the ensemble of simulations for these inflows. 
 
Figure 33 shows projected inflows into Elephant Butte Reservoir under both the 
Base Case Scenario, in which current operations are assumed, as well as an 
additional Compact Compliance Scenario, in which it is assumed that 
New Mexico takes management actions, for example reducing agricultural area, 
to assure compliance under the Rio Grande Compact. 
 
In Figure 34, the differences between inflows to Elephant Butte under the Base 
Case Scenario and the Compact Compliance Scenario are shown, in terms of 
trends over time of the median and range (Figure 32 Panels A and C), monthly 
patterns at specified time periods in the future, and broken down by emission 
scenario. The differences between these two scenarios are not large on an annual 
basis, but they represent the annual deficit within New Mexico upstream of these 
reservoirs. If management actions are not taken to mitigate these shortages, they 
would build up over time. 
 
Figure 35 shows simulated releases out of Caballo Reservoir at the downstream 
boundary of the study area. The shape of the average hydrograph is based on a 
typical irrigation schedule for Reclamation’s Rio Grande Project, the irrigation 
project that operates downstream of Elephant Butte and Caballo Reservoirs (and 
is outside of the study area for the URGIA). The average hydrograph includes a 
pulse of water in March to start the irrigation season, and then releases peaking in 
June to serve agricultural demand. Our modeling assumes that climate change 
does not change the shape of this irrigation schedule, although it reduces the 
overall quantity of available water. 
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Figure 33.—Projected inflows to Elephant Butte under the Base-Case and Compact Compliance Scenarios. 
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Figure 34.—Differences in inflows to Elephant Butte Reservoir under the Base Case and Compact 
Compliance Scenarios. 
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Figure 35.—Projected releases into the Rio Grande Project below Caballo Reservoir, at the downstream 
end of the study area. 
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Projections show that: 
 

• Flows would become more variable. Early in the simulations, flows from 
December through April are most likely to exceed flows documented in 
historic records, while later in the simulations, the likelihood of a new 
record monthly high is distributed throughout the year, including during 
summer months. Because this summer-month variability was not as 
noticeable at Central Avenue (Figure 32), it seems that the summer 
(monsoonal) rains into tributaries downstream of Central Avenue, namely 
Tijeras Arroyo and the Rio Puerco, are responsible for this apparent gain 
in variability. 
 

• Releases would decrease. The projections show a dramatic drop in 
average releases from Caballo Reservoir for the Rio Grande Project from 
1,100 cfs, which is a full release from 1950 through 1999, down to a 
projected average annual release of 500 cfs at the end of this century (a  
55 percent decrease). This decrease is associated with the Base Case 
Scenario. The Compact Compliance Scenario would experience a slightly 
smaller decrease.  

4.3.4 New Mexico Water Consumption Under the Base Case 
Scenario 

Model simulations describe the impacts of climate change on water delivery and 
demand, based on current development and land-use conditions. 
 
Water demands are the optimum requirements, whereas consumption reflects the 
amount of water actually available. The largest categories of water demands and 
consumption in the Upper Rio Grande Basin are: 
 

• Irrigated agricultural ET (i.e., a combination of evaporation and water 
use by plants). Demand rate calculations were based on potential 
evapotranspiration, (i.e., the maximum amount of water the vegetation 
could consume under ideal conditions). In central New Mexico, this 
demand is not fully met on average, even without water scarcity, due to 
operational inefficiencies. On a per-unit area basis, the agricultural 
consumptive demands are lower than any of the other demands. 
 

• Riparian vegetation ET. Demand rates are calculated in the same manner 
as irrigated agricultural ET demand rates. The potential evapotranspiration 
for riparian vegetation demand rates are only met when groundwater 
levels are sufficiently high to allow optimal water uptake. 
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• Municipal and industrial (M&I) consumption. Demand rates are 
calculated using an outdoor vegetation ET, as other water demands are 
assumed to return to the system. 
 

• Reservoir evaporation. The reservoir areas vary through time, and thus 
the volume of reservoir evaporation masks the rising trend in evaporation 
rates. Therefore, the demand rates for reservoir evaporation were based on 
reservoir storage estimates rather than with other factors such as 
temperature.   

 
Demands for ET are shown as rates, which must be multiplied by irrigated 
agricultural area, riparian vegetation area, or the representative outdoor use area 
for M&I consumption. Figure 36 shows the maximum (or in other words, the 
potential) consumptive use demands for these demand types and represent the 
maximum amount of water that would be consumed under ideal conditions. It is 
recognized that these rates may not be achievable, even at current levels of water 
availability, but they do provide perspective on the total projected demand. 
 

 
Figure 36.—Model-projected agricultural, riparian, M&I, and reservoir evaporation 
demand rates under the Base Case Scenario. 
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The demands shown in Figure 36 are spatially averaged for agricultural and 
riparian potential ET (Panels A and B) (in other words, the ET is multiplied over 
the irrigated agricultural area or the riparian vegetation area, respectively). 
Reference ET (i.e., the representative ET for the outdoor use area used in the M&I 
demand calculations) is shown in Panel C as the Albuquerque area Reference ET, 
as this is where most of the population is located. Panel D shows the open-water 
evaporation rates for all reservoirs. 
 
Each of these parameters changes are due to climate change, even without further 
agricultural or M&I development. ET-related consumptive demands, including 
demand for irrigated agriculture, riparian vegetation, and municipal and industrial 
outdoor use in New Mexico, are expected to rise with rising temperatures 
(Figure 36). The actual consumptive use by each of these sectors will depend on 
the available supply and the ability of the sector to take advantage of that supply. 
 
Results for each sector are discussed in the following subsections. For agricultural 
and riparian vegetation, the potential consumptive use may not be fully met even 
with abundant supply due to operational inefficiencies or suboptimal groundwater 
levels, respectively. In the operational model runs for this study, the municipal 
and industrial consumption demand is always fully met regardless of surface 
water supply, due to groundwater pumping. 
 
Overall our analysis found that, while the combination of decreased supply and 
increased demand threatens the system, the system responds to the decreased 
supply with slightly decreased consumption. Although ET demands rise with 
rising temperatures, the sum of consumption associated with these demands 
actually decreases as supplies drop. The reservoir evaporation is the largest 
decrease and more than offsets increases in agricultural ET and municipal 
consumptive use, while riparian ET also decreases due to supply limitations, 
despite increased potential consumption. 
 
Section 4.3.5 discusses these changes in water consumption under the Rio Grande 
Compact. 
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4.3.4.1 Agricultural Consumption 
Agricultural consumption depends on the potential demand rate for the irrigated 
area, and the available supply (Figure 36). Figure 37 provides the analysis results 
for the ensemble of simulations for agricultural consumption. This analysis 
considers climate inputs only and does not change the amount of irrigated areas 
(see Section 3.3). However, consumption will drop if supply is insufficient to 
meet demand. Operational inefficiencies may also prevent the potential 
consumptive use from being fully met, even with abundant supply. 
 
Projections show that: 
 

• Agricultural ET demands increase. Figure 37 shows that, on average, 
agricultural ET losses rise by approximately 5 percent during the 
simulations, which is less than would be expected based on the change in 
potential ET (Figure 37, Panel D). This dampening from demand to actual 
use is a result of insufficient supply, which is also evident in a prominent 
lower envelope of low actual crop consumption (Figure 37, Panel A). ET 
appears to increase in the early part of the irrigation season (March 
through June), and decrease in the latter part of the season, Figure 37 
Panel B), again due to supply limitations later in the year. Years with 
sufficient supply are rare, but in those years agricultural consumption is 
higher (by almost 15 percent) than any observed in the historic period 
(Figure 37, Panel D). 
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Figure 37.—Total projected crop consumption between Cochiti and Elephant Butte Reservoirs, 
including the Jemez River valley. 
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4.3.4.2 Riparian Consumption 
Riparian vegetation consumption depends on the potential demand rate 
(Figure 36), the riparian area, and the available supply to the trees. Figure 38 
provides the analysis results for the ensemble of simulations for riparian 
consumption. 
 
Projections show that: 
 

• Riparian ET demands would be reduced as a result of declining 
groundwater levels. As this analysis considered only climate-change 
impacts, the riparian area was held constant throughout the analysis (see 
Section 3.3.). However, riparian consumption varies—depending on 
groundwater levels, which respond, in in a delayed manner, to reductions 
in surface water recharge of the shallow groundwater. Figure 38 shows 
that, on average, riparian ET decreases slightly through the simulations. 
This is a result of declining shallow groundwater levels, which result in 
reduced actual ET (the amount of water actually evaporated or transpired) 
despite increased potential ET (the amount of water that could have been 
evaporated or transpired if there were sufficient water to meet demand). 
Figure 38, Panel D shows that, toward the end of the century in the 
scenario that was modeled, most of the actual consumption would occur in 
April and May, when water is available. Although potential ET would 
continue to be high in June through September, water would not be 
available to meet that demand. The breakdown by emission scenarios in 
Figure 38, Panel C shows that riparian ET is greater under the less severe 
emission scenarios because more water would be available to meet 
demand. 
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Figure 38.—Simulated riparian evapotranspiration from Cochiti to Elephant Butte Reservoirs, including 
the Jemez River valley. 
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4.3.4.3 Municipal Consumption 
For the URGIA analysis, we assumed that water used by cities would return to the 
system if it is used indoors, and water would be lost to the atmosphere if it is used 
outdoors. The change in consumptive (outdoor) use by the municipal sector in 
response to climate change is small compared to the other three types of 
consumptive uses discussed here, since the urban area for which the water is 
used is small relative to the agricultural area. It is important to remember that 
population levels are held constant throughout the model runs. So, although 
population growth could drive up municipal consumption, the URGIA analysis 
only considers increases in consumption associated with changes in temperature 
or precipitation. 
 
Figure 39 provides the analysis results for the ensemble of simulations for 
consumptive municipal use for all cities included in the modeling for this study 
(Espanola, Los Alamos, Santa Fe, Bernalillo, Rio Rancho, Albuquerque, 
Los Lunas, Belen, Socorro, and Truth or Consequences). Generally, consumptive 
use for vegetation is the only outdoor water use allowed in municipalities. The 
increase in reference ET of about 10 percent (seen in Figure 36) translates directly 
to about the same percentage increase in consumptive (outdoor) municipal use. 
Total indoor use for these same cities is about 130 cfs and is invariant throughout 
the simulations. 
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Figure 39.—Simulated municipal consumptive use. 
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4.3.4.4 Reservoir Evaporation 
Figure 40 through Figure 42 provide the analysis results for the ensemble of 
simulations for projections of the volume of evaporation from New Mexico 
reservoirs. This volume drops by almost 50 percent in the projections due to 
reduced reservoir storage throughout the system (there is less water in the 
reservoirs that can be evaporated). This is a stabilizing feedback: as supply in 
the system increases, reservoir storage and reservoir evaporation volume rise, 
reducing available supply. On the other hand, as supply decreases, the volume of 
water evaporated from the reservoir also decreases, which feeds back to increase 
available supply in the system. Because of the stabilizing nature of this feedback, 
there is little variation in the volume of water evaporated between emission 
scenarios. Because of the rising evaporation rate, full reservoirs would lead to 
higher evaporation losses than have historically been observed, as is shown in the 
bottom right graph in Figure 40. 
 
The change in reservoir evaporation depends to great degree on the storage 
change in the reservoir. Heron, El Vado, Elephant Butte, and Caballo reservoirs 
tend to lose storage during the simulations, and thus lose less water to reservoir 
evaporation as the simulations progress (Figure 42). Abiquiu, Cochiti, and Jemez 
reservoirs, on the other hand, don’t lose much storage on average during the runs 
and thus don’t experience a reduction in evaporative loss. 
 
Figure 41 provides the analysis results for the ensemble of simulations for 
reservoir evaporation rates at four reservoirs that represent the geographical range 
of the Upper Rio Grande Basin: 
 

• Heron Reservoir is in the northern part of New Mexico, close to El Vado 
Reservoir 
 

• Abiquiu Lake is further south 
 

• Cochiti Lake is further south than Abiquiu Lake and close to Jemez 
Canyon Reservoir 
 

• Elephant Butte Reservoir is at the tail end of the Upper Rio Grande Basin 
and close to Caballo Reservoir 
 

Note the difference in magnitude of evaporation rates as moving downstream. 
Jemez Canyon Reservoir is close to Cochiti Lake, and Caballo Reservoir is close 
to Elephant Butte Reservoir, so the evaporation rates at those reservoirs would be 
similar. 
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Figure 40.—Total projected evaporation from New Mexico reservoirs. 
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Figure 41.—Open-water evaporation rates at four reservoirs spread through the system 
from upstream (Panel A) to downstream (Panel D) in New Mexico. Note the different scales 
on the Y axes, though the range in each case is the same 2 feet per year. 
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Figure 42.—Projected total reservoir evaporation at each of the seven major reservoirs in the 
Upper Rio Grande Basin in New Mexico.
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4.3.5 Rio Grande Compact Compliance 

This analysis focuses on potential hydrologic impacts of climate change alone on 
the Upper Rio Grande system with current water operations, infrastructure, 
and policies. In the Base Case Scenario, which forms the basis of most of the 
URGIA analyses, New Mexico does not have a specific policy for reacting to 
low deliveries by New Mexico to Elephant Butte Reservoir. New Mexico would, 
undoubtedly, take steps to assure Rio Grande Compact compliance under the 
conditions discussed in the previous sections of this chapter, through steps that 
might include reducing agricultural area or managing riparian vegetation. 
However, this study does not include any presumptions about what those steps 
would be. 
  
A second set of model runs, in addition to the Base Case Scenario, were therefore 
made to determine downstream conditions with the assumption that New Mexico 
would take management actions to assure New Mexico’s compliance under the 
Rio Grande Compact. This is referred to as the Compact Compliance Scenario. 
Results from these model runs for the ensemble of these simulations are shown in 
the following figures. Figure 43 shows the total storage, which highlights the 
dramatic increase in storage variability. Figure 44 and Figure 45 show Elephant 
Butte Reservoir storage under both the Base Case and Compact Compliance 
scenarios. Figure 46 through Figure 48 show the storage in the other six reservoirs 
under the Compact Compliance Scenario. 
 

 
Figure 43.—Total reservoir storage under the Compact Compliance 
Scenario. 
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Figure 44.—Elephant Butte Reservoir Storage under the Base Case Scenario. 
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Figure 45.—Elephant Butte Reservoir storage under the Compact Compliance 
Scenario. 
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Figure 46.—Heron and El Vado reservoir storage under the Compact Compliance 
Scenario. 
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Figure 47.—Abiquiu and Cochiti reservoir storage under the Compact Compliance 
Scenario. 
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Figure 48.—Jemez and Caballo reservoir storage under the Compact Compliance 
Scenario. 
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5. Water Management Implications 
The following sections summarize the implications of the hydrologic projections 
developed in the URGIA for management of the Upper Rio Grande system in 
terms of the parameters defined in the SWA. 
 

• Section 5.1 discusses the water infrastructure and operations, including 
reservoir conditions and water delivery and hydropower generation 
impacts. 
 

• Section 5.2. discusses flood control operations impacts. 
 

• Section 5.3 discusses water quality impacts. 
 

• Section 5.4 discusses fish and wildlife habitat, including environmental 
flow targets, ESA-listed species, and critical habitat impacts. 
 

• Section 5.5 discusses flow and water-dependent ecological resiliency 
impacts. 
 

• Section 5.6 discusses impacts to recreation. 

5.1 Water and Power Infrastructure and Operations 

5.1.1 Reservoir Conditions and Water Delivery 

The reduced surface-water inflows to the Upper Rio Grande Basin, (Section 4.2) 
coupled with increased irrigated agricultural and riparian vegetation demands 
(Section 4.3), result in decreased reservoir storage throughout the system. 
Figure 49 provides the analysis results for the ensemble of simulations for 
projected reservoir storage for the seven major reservoirs in the Upper Rio Grande 
system, along with a projection of total reservoir storage in the system. 
 
The reservoir levels shown in Figure 49 are associated with the Base Case 
Scenario, which assumes current operations and management actions. As 
described in Section 2.2.2, although New Mexico does not currently have a 
specific mechanism for assuring compliance under the Rio Grande Compact that 
can be simulated in an operations model, it is likely that New Mexico would make 
its deliveries, and the reservoir levels in Elephant Butte would be higher than 
shown in Figure 49. 
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Figure 49.—Projected reservoir storage at the seven major reservoirs in the Upper Rio Grande system. 
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5.1.2 Hydropower Generation 

The Upper Rio Grande system has three hydropower plants: 
 

• El Vado Dam and Powerplant. Reclamation operates El Vado Dam 
under agreement with the Middle Rio Grande Conservancy District 
(MRGCD). The capacity is 8 megawatts. 
 

• Abiquiu Dam. Built and operated by the USACE, the powerstation at 
the dam base is operated by Los Alamos County Department of Public 
Utilities. The total maximum storage of El Vado Reservoir is about 
180,000 acre-feet. The capacity is about 16.5 megawatts. 
 

• Elephant Butte Dam and Powerplant. A Reclamation facility, Elephant 
Butte Dam can store about 2 million acre-feet of water to provide 
irrigation and year-round power generation. A court order has restricted 
power generation during non-irrigation months. The installed capacity is 
about 28 megawatts. 

 
In these hydropower-generation systems, lower flows and lower reservoir levels 
associated with climate change are projected to lead to less hydropower 
generation. Figure 50 provides the analysis results for the ensemble of simulations 
for hydropower generation. Figure 50 shows that the projected decrease is 
substantial, from an initial generation of about 15 megawatts, the rate drops 
almost 50 percent to about 8 megawatts by the end of the century, with most of 
the decrease coming during the months of May through September. El Vado Dam 
sees the smallest average decline in hydropower output, while Elephant Butte 
Dam sees the largest.  
 
Under the Compact Compliance Scenario (which assumes that New Mexico takes 
management actions to assure compact delivery) decreases to Elephant Butte Dam 
hydropower—and thus to overall hydropower—are slightly less than under the 
Base Case Scenario. Figure 51, shows the difference between the Base Case 
Scenario and the Compact Compliance Scenario. As seen in Figure 51, the 
difference is small, although the difference becomes more apparent in the last 
several decades of the simulations. 
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Figure 50.—Projected combined hydropower generation from Abiquiu, El Vado, and Elephant Butte 
Reservoirs under the Base Case Scenario. 
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Figure 51.—Simulated hydropower generation from Elephant Butte Dam for the Base Case (left) and the Compact 
Compliance Scenarios (right). 
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5.2 Flood Control Operations 

The operations model used for this study, URGSiM, is a monthly time step model, 
and so the model is not inherently suited to detailed evaluations of flood control 
capacity. However, despite this weakness, some initial general observations are 
still valuable. The inflow predictions increase in variability as the simulations 
progress, with annual and monthly flows occurring from 2000 through 2099 
period that exceed historic observations from 1950 through 1999 for all supply 
inputs. 
 
Our analyses project that streamflows would get more and more variable as time 
progresses. Abiquiu, Cochiti, and Jemez reservoirs are the main flood control 
reservoirs on the system as these reservoirs reserve storage capacity for flood 
control. The storage projections for these reservoirs (Figure 49) offer visual 
evidence that flood control operations would become more frequent in the system, 
even as average supplies decrease. The extreme flows are projected to become 
more extreme with climate change, and thus flood control operations would occur 
more often in the future. Elephant Butte and Caballo reservoirs are not included in 
this analysis, since they are combined water storage and flood-control reservoirs. 
 
To gain a quantitative estimate of the sufficiency of flood control storage at 
Abiquiu and Cochiti reservoirs, we can look at how often these primarily flood 
control reservoirs fill to within 99 percent of capacity. Results from such analyses 
are summarized in Table 3. Additional analysis with a finer time resolution and 
more in depth exploration of resulting downstream flows would be necessary to 
confirm and quantify the magnitude of this additional flood control risk. 
 
 
Table 3.—Instances of insufficient flood control capacity in Abiquiu, Cochiti, 
and Jemez reservoirs by major period 

Reservoir 
Simulation period 

(years) 

Months with 
insufficient flood 
control capacity 

Years with 
insufficient flood 
control capacity 

Abiquiu 
1950 – 1999 (49) 

0 (0%) 0 (0%) 
Cochiti 0 (0%) 0 (0%) 
Jemez 0 (0%) 0 (0%) 
Abiquiu 

2000 – 2049 (50) 
4 (0.006%) 4 (0.07 %) 

Cochiti 172 (0.3 %) 47 (0.8 %) 
Jemez 6 (0.009%) 6 (0.009%) 
Abiquiu 

2050 – 2099 (50) 
5 (0.007 %) 3 (0.05 %) 

Cochiti 110 (0.2 %) 26 (0.5 %) 
Jemez 4 (0.006%) 4 (0.07 %) 
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5.3 Water Quality 

Although assessing the potential impacts of climate change on water quality was 
beyond the scope of the URGIA, a recent Environmental Protection Agency 
(EPA) study considered climate change impacts to water quality in the 
Rio Grande Basin above the confluence with the Rio Puerco (Hydrologic Unit 
Codes [HUC] 1301 and 1302) (EPA 2013). In the EPA analyses, absolute 
reductions in total nitrogen, phosphorous, and suspended solids loads reflect 
reductions in total flow volumes. However, projected reductions do not reflect 
how the concentration of these pollutants may change under future climate 
scenarios. Concentrations of these and other pollutants, and of salt, may increase 
in the future under projected warming scenarios in response to increased 
evaporation rates for surface water and increased precipitation intensity that 
could wash a greater volume of pollutants from the land surface into the river. 
 
Although urban areas constitute a negligible share of the total Rio Grande 
watershed above the Rio Puerco confluence, continued development in the 
Albuquerque Metropolitan Area is likely to make a greater quantity of pollutants 
available over time to reaches of the Rio Grande downstream of this urban area, 
even as flow volumes decline. 

5.4 Fish and Wildlife Habitat, Including Species Listed 
under the Endangered Species Act 

5.4.1 Environmental Flow Targets 

The operational modeling performed for this study included a simplified 
representation of river flow targets to support the needs of endangered species on 
the Rio Grande in New Mexico, as laid out in a 2003 Biological Opinion for water 
and flood control operations on the Middle Rio Grande (U.S. Fish and Wildlife 
Service [FWS] 2003). These flow targets are specified for at Central Avenue 
Bridge in Albuquerque, below the Isleta Diversion Dam (approximately 15 miles 
downstream of Central Avenue), and above the San Acacia Diversion Dam 
(approximately 67 miles downstream of Central Avenue). Although new 
management strategies and a new Biological Opinion are under development, 
these flow targets serve as a reasonable example of the requirements for fish and 
wildlife, including ESA-listed species. 
 
Figure 52 provides the analysis results for the ensemble of simulations for the 
flow deficits occurring at Central Avenue and below Isleta Diversion. The two 
locations are combined because only one of the two is ever in effect in a given 
year. Compact Articles VI and VII, and thus the Central Avenue targets, are in 
effect during the majority of simulation years. 
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These deficits rise with time and are most significant in September, when there is 
an 8 cfs average deficit in the 2090s, compared to a less than 1 cfs deficit from 
1950 through 1999. In the exceedance probability graph (Figure 52, Panel C) the 
projections show a deficit in June through September by the 2090s, almost 
30 percent of the time, and that 10 percent of the time in the 2090s, this deficit 
exceeds 30 cfs averaged over the 4-month summer period. Figure 52 provides the 
analysis results for the ensemble of simulations for the target flow deficits above 
the San Acacia Diversion Dam. Like the deficits at Central Avenue and below 
Isleta Diversion, the San Acacia deficits increase in both likelihood and 
magnitude over the next century. 
 
However, the nature of these targets makes them most difficult to meet in June 
early in the simulations, and both May and June by the 2090s, when the average 
monthly target flow deficit is almost 40 cfs in both months as compared to less 
than 5 cfs from 1950 through 1999. The exceedance probability graph (lower left 
graph of Figure 47) shows that by the 2090s, there is some target deficit above the 
San Acacia Diversion in more than 40 percent of simulated years, and that that 
target deficit is greater than 80 cfs averaged from April through July in 20 percent 
of years from 2000 through 2099. 
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Figure 52.—Projected deficits relative to current (2003) environmental flow targets on the Rio Grande at 
Central and the Rio Grande at Isleta (only one of which can occur at a time). 
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Figure 53.—Projected deficits relative to current (2003) environmental flow targets on the Rio Grande 
above the San Acacia Diversion Dam. There are no targets and thus no deficits from August through 
October. 
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5.4.2 Bosque Water Stress 

The model used for this study, URGSiM, does not expand or contract riparian 
vegetative area in response to water availability. For the Base Case Scenario, 
which constrains the analysis to examine climate change impacts only, the 
riparian area remains the same throughout time for all simulations. However, 
the health of the riparian corridor (termed “the Bosque” when referring to the 
riparian vegetation along the Rio Grande between Cochiti and Elephant Butte 
reservoirs, including the Jemez River) may vary through time depending on water 
availability. We use the difference between the potential and actual ET in the 
Bosque as an indication of water stress, which would be expected to be inversely 
related to the health of the ecosystem, and thus perhaps an indirect indicator of 
wildlife habitat quality in the riparian corridor. 
 
Figure 54 provides the analysis results for the ensemble of simulations for the 
simulated Bosque water stress, measured as the difference between potential 
and actual water consumption, between Cochiti and Elephant Butte reservoirs, 
including the Jemez River. The projections show Bosque water stress rising by 
almost 40 percent over the course of the next century, from around 90 cfs from 
1950 through 1999 (approximately 30 percent of potential) to around 130 cfs by 
2090s (approximately 40 percent of potential). In other words, the Bosque goes 
from getting about 70 percent of what it could use under ideal circumstances 
during the historic period, to getting about 60 percent of what it could use under 
ideal circumstances by the 2090s. This decrease in water use as a function of 
potential is driven by increasing potential demand and dropping shallow ground 
water levels, and would be expected to have negative impacts on the health of the 
vegetation in the riparian corridor. This is a result of drops in average shallow 
groundwater levels as shown in Figure 54. 
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Figure 54.—Projected water stress in the Bosque in the reach between Cochiti and Elephant Butte 
Reservoirs, including the Jemez River. 
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5.4.3 Fish and Wildlife Habitat 

Climate change results in a reduction of water in the Upper Rio Grande system 
resulting from decreased supplies coupled with increased demands. This reduction 
in water is expected to make environmental flows in the river more difficult to 
maintain, and reduce the shallow groundwater available to riparian vegetation. 
Both of these impacts have implications on the habitat of fish and wildlife in the 
Upper Rio Grande riparian system. 
 
While the inability to meet flow targets is an indirect method to estimate the 
impact of climate change on riverine habitat, the results of these indicators are not 
ambiguous: there would be less water in the river, and low flow-related biological 
requirements would be more difficult to meet. It is possible that the extreme high 
flow events which grow in frequency through the runs would create positive 
benefit to biological habitat; however that analysis is beyond the ability of the 
monthly timestep model used for this study.  
 
In August 2013, the U. S. Forest Service released an assessment of the potential 
effects of climate change on terrestrial species living along the Middle 
Rio Grande in New Mexico (Friggens et al. 2013). The study team evaluated  
117 species of birds, reptiles, amphibians, and mammals and their vulnerability to 
such changes as altered timing of precipitation events and river flows, as well 
as reduced overall river flows and water availability. The study projected a 
decreasing availability of riparian habitat, and loss of mature trees due to fire and 
disease, which would directly and indirectly affect many species of birds and 
mammals. Most of the species evaluated were projected to experience negative 
effects from climate change. However, a few species, such as coyotes, jackrabbits, 
some lizards and road runners may benefit from conversion of the bosque to a 
more sparsely vegetated and drier habitat. 
 
The interactions between climate and ecological systems are a two-way street. 
Climate plays a key role in determining the distribution and biophysical 
characteristics of habitats and ecosystems that provide the ecological resources 
needed for life. However, climate is not solely driven by atmospheric, oceanic, 
and terrestrial physical processes. Biological processes likewise affect climate, as 
do human responses to these biological processes. As future climate changes 
occur, these dynamic interactions would continue to affect ecological resources 
such as flow, water quality and many other ecosystem characteristics that impact 
endangered species and other fish and wildlife. 
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5.4.4 Listed Species 

Species listed under the ESA that have habitat within the Upper Rio Grande 
include the: 
 

• Rio Grande silvery minnow (Hybognathus amarus; silvery minnow) 
• Southwestern willow flycatcher (Empidonax traillii extimus; flycatcher) 
• Pecos sunflower (Helianthus paradoxus, sunflower) 

 
The URGIA only addresses the federally-listed endangered species, but 
these species are also listed as endangered under the New Mexico Wildlife 
Conservation Act. The historic development of the Upper Rio Grande has had 
impacts on these listed species and their habitats, and climate change promises to 
exacerbate those impacts, primarily through decrease in streamflows and available 
water to support riparian habitat. Each of these species depends in some way on 
flood flows and floodplain interconnection. Overbank flow events are projected to 
become less common in future years, although an increase in extreme events is 
also forecast, which could increase floodplain connection but also have other 
consequences. Long periods of lower flows may also increase the process of 
channel narrowing, which is decreasing available riverine and riparian habitat. 

5.5 Flow- and Water-Dependent Ecological Resilience 

The responses of natural systems to progressive changes in climatic conditions are 
not linear. Instead, natural systems tend to be stable within a certain degree of 
change, as determined by the system’s resilience (or resiliency), and then rapidly 
change when the system’s degree of tolerance is exceeded. For this reason, 
ecological resilience is a useful concept for understanding the responses of 
ecological systems to climate change. The following definitions of ecological 
resiliency are generally representative of those in the literature: 
 

• The capacity of a system to absorb disturbance and reorganize while 
undergoing change so as to retain essentially the same function, structure, 
identity, and feedbacks (Folke et al. 2004 and Walker and Meyers 2004). 
 

• The capacity of an ecological system to absorb internal and/or external 
change while exhibiting a similar set of structures and processes 
(i.e., remaining within a regime). If an ecological system’s resilience is 
“eroded,” the system becomes vulnerable to regime shifts, which involves 
the system shifting from one regime to another regime characterized by a 
different set of structures and processes. Regime shifts are indicative of 
non-linear dynamics, and the weight of evidence suggests that ecological, 
and other complex systems exhibit multiple regimes (Benson and 
Garmestani 2011). 
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Ecological thresholds are transition points in which a small change in a physical 
or chemical parameter or a component of a system elicits a large, or non-linear, 
response of a natural or social-ecological system. A threshold represents the 
endpoint of ecological resilience—the point at which a system switches into a 
new paradigm. Avoiding these thresholds is often a key management goal in 
climate-change adaptation. 
 
It should be noted that ecosystem resilience is not always desirable. Many 
Western ecosystems have been significantly altered and have crossed thresholds 
to the point that the current ecosystems may be dominated by non-native species 
and processes or may have low biodiversity. These ecosystems may not be 
healthy, or hospitable to native plants and animals, but may be highly stable, or 
resilient. In such cases, decreasing the ecological resiliency of the system may be 
one of the strategies identified to promote ecosystem health. 
 
In the Upper Rio Grande Basin, the available water supply is low relative to the 
demand for water. Ecological and human systems within the basin already operate 
close to thresholds related to available water supply. In the future, if projected 
water supplies decrease and demands increase, water availability thresholds may 
be crossed, and key systems may undergo regime shifts. It has been suggested 
(Williams et al. 2010), that forests in some parts of New Mexico, such as the 
Jemez mountains, may have crossed a threshold. Moisture stress in the trees has 
led to bark beetle infestations and fire, and the forest may be undergoing a 
transition even now to a new ecosystem, with new structures, processes, and 
species. 
 
Many parts of the Upper Rio Grande system are also near thresholds with respect 
to snowpack temperatures. In areas where the winter snowpack temperatures are 
already close to the freezing point, a small increase in temperature could lead 
quickly to a large decrease in the region’s ability to store winter moisture in snow 
for use during the summer. To some degree, Reclamation’s storage reservoirs 
mitigate for this vulnerability, in that they can store water from winter snows that 
melt and make that water available later in the season. 
 
The large swaths of riparian tamarisk (salt cedar) that dominate the Rio Grande 
corridor just upstream of Elephant Butte Reservoir and the reservoir delta are 
examples of resilient systems that are not considered desirable. Although water 
managers may wish to switch this ecosystem into a new paradigm, the system’s 
resilience, driven by the tamarisk’s high degree of adaptation to current 
conditions, will make this difficult. 
 
These are just a few examples of the resilience and vulnerabilities of water-
dependent systems in the Upper Rio Grande. Evaluation of potential adaptation 
and mitigation strategies to respond to the hydrologic impacts of climate change 
in this basin, as will be done in future basin studies, will require a more detailed 
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analysis of the key thresholds associated with social-ecological systems in 
the basin. It is likely that, in the Rio Grande system, adaptation will involve 
management of transitions into new State’s for social-ecological systems, rather 
than simply building of resilience to the old states. 

5.6 Recreation 

The Upper Rio Grande Basin offers a number of water-dependent recreational 
activities, which are likely to be affected by climatic changes that affect the 
system hydrology. These activities include: 
 

• Fishing along the Conejos River and Rio Grande in Colorado, along the 
Rio Grande between Taos Junction Bridge and Embudo in New Mexico, 
and in Heron, El Vado, Abiquiu, Elephant Butte, and Caballo reservoirs 
 

• Camping along the Rio Grande in Colorado and New Mexico, including 
below Taos Junction Bridge, along the Rio Chama above Abiquiu 
Reservoir, and at Heron, El Vado, Abiquiu and Elephant Butte Reservoirs 
 

• White-water boating along the Rio Grande above Embudo, and between 
El Vado and Abiquiu reservoirs on the Rio Chama 
 

• Flat water boating in Heron, El Vado, Abiquiu, Cochiti, Elephant Butte 
and Caballo reservoirs 

 
Increased summer and winter temperatures may increase the popularity of these 
water-based activities. Moreover, reduced supplies, altered timing of flows, and 
increased variability will change the availability and nature of these recreational 
opportunities. 

5.6.1 Recreation at Reclamation and U.S. Army Corps of Engineers’ 
Reservoirs 

Water level fluctuations at reservoirs affect recreation use and economic value in 
a variety of ways through changes in water depth and surface acreage. (Platt, 
Bureau of Reclamation 2000) Extended periods of low reservoir levels at Heron, 
El Vado, Elephant Butte, and Caballo reservoirs may affect overall visitor 
numbers and the revenue stream to New Mexico State Parks, the managing entity 
for those reservoirs. Changes in usage during the most recent drought (2011 
through 2013 thus far), may shed light on how the usage may changes under the 
projected conditions. Elephant Butte Reservoir, the largest park in the state park 
system and the most popular destination for boaters, experienced a decline of 
more than 100,000 visitors during the drought year 2012 compared to reported 
visitor numbers for 2009, 2010, and 2011. Reported visitation at the USACE’s 
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reservoirs, Abiquiu Lake and Cochiti Lake, also generally declined between the 
pre-drought year 2009 and the drought year 2012, with exceptions of an increase 
at Cochiti in 2010 and an increase at Abiquiu during 2011. Revenues at both 
reservoirs declined accordingly (USACE reservoir visitation and revenue records, 
May 2013). 
 
Water-based recreation is also susceptible to impacts of cascading changes, such 
as from debris flows caused by rainstorms over fire scars. For example, Cochiti 
Lake experienced a drastic decline in visitation during 2011 due to an extended 
closure, which resulted from large debris flows and the threat of flooding in the 
aftermath of the Las Conchas Wildfire in the Jemez Mountains. Such impacts 
may become more common as the climate changes to a hotter and drier one. 

5.6.2 Whitewater Rafting and Fishing 

New Mexico has two very attractive recreational tourism assets in its National 
Wild and Scenic Rivers, the Rio Grande and Rio Chama. Figure 55 provides the 
analysis results for the ensemble of simulations for projected river flow for two 
prime locations for whitewater rafting and kayaking within these reaches, the 
Rio Grande near Embudo (the downstream end of the Rio Grande Gorge and 
Rio Grande del Norte National Monument) and the Rio Chama below El Vado 
(the Wild and Scenic reach of the Rio Chama). River flows in these reaches are 
projected to decline overall, but those low flows are punctuated by more frequent 
extreme flow events. Thus, the quality of white-water boating opportunities over 
the next century on these two rivers would decrease, punctuated by occasional 
flows which may appeal to highly skilled boaters. 
 
The impact of low streamflows is highly influential in net business performance 
for the state’s whitewater boating industry (Harris, Personal Communication, 
2013), with an obvious correlation between low flows and reduced revenues. The 
industry’s overall revenue pattern during the current drought has been steadily 
downward. While no business failures have occurred yet, several companies are 
concerned about their increasing levels of debt and decreasing ability to retain 
employees. 
 
The following are desired flow levels for whitewater rafting in popular runs on 
the Upper Rio Grande (Harris, Personal Communication, 2013): 
 

• Above 600 cfs for the most desirable trip, the Class 4 Taos Box, (this 
reach is unnavigable below 600 cfs) 
 

• Above 200 cfs for the half-day Pilar Racecourse 
 

.
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Figure 55.—Projected annual flows for all model runs and projected monthly average 
flows by period for the Rio Grande at Embudo, and the Rio Chama below El Vado. 
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• Above 300 cfs for the multi-day wilderness trip on the Rio 
 

• Above 400 cfs for the one-day Lower Rio Chama trip (the “Monestary 
Run”) 

 
In 2013, outfitters holding permits for both the Rio Grande and Chama were able 
to shunt business from the very low Rio Grande to the regulated, thus higher flow, 
Rio Chama. Outfitters who did not have Chama permits and thus no convenient 
fall-back offering reported 50 percent reduction in revenues compared with 2012 
(Harris, Personal Communication, 2013). 
 
Fishing outfitters and guides report a steadier business performance than boating 
operators, but most cite long-term concern with flow related population trends 
that could affect their target species, thus their business. 
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6. Summary and Next Steps 

6.1 Summary of Findings 

Reclamation developed hydrologic projections for the Upper Rio Grande Basin 
over the next century, based on the modeled climate projections described in 
Chapter 3. The water operations modeling for the Upper Rio Grande Basin using 
these hydrologic projections as input (presented in Chapter 4) paints a picture of a 
changing hydrology for the Upper Rio Grande Basin. 
 
The analysis presented in this report attempts to project the impacts of climate 
change alone on the water supply and demand within the Upper Rio Grande 
Basin, rather than predict what the future would look like in this basin. The future 
will depend on numerous societal choices.  The hydrologic changes that are 
projected to result from climate change in the Upper Rio Grande Basin would be 
compounded by the numerous other changes we will make to our landscape and 
our water supply and distribution. 

6.1.1 Impact Assessment: Climate and Basin Hydrology 

An analysis of gage records showed a warming trend in the Upper Rio Grande 
Basin over the past four decades. Average temperatures increased by almost 0.7°F 
per decade, resulting in a total average warming since 1971 of over 2.5°F. Based 
on modeled climate-change projections for temperatures in the Upper Rio Grande 
Basin will rise an additional four to six °F by the end of the 21st century. Model 
simulations did not, however, consistently project changes in annual average 
precipitation, although they did project changes to the timing, form (i.e., rain or 
snow), and spatial distribution of that precipitation. Also, increases in temperature 
alone could significantly decrease the available water in the basin, due to 
increases in evaporation and water use by plants (i.e., evapotranspiration). 
 
The projections presented in the Upper Rio Grande Impact Assessment present a 
picture of changing hydrology for the Upper Rio Grande, with implications for 
water management, human infrastructure, and ecosystems. Although there are 
uncertainties in the details, some general patterns are clear. This section presents a 
discussion of possible implications of those general patterns. 
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Decreases in water availability. 
 

• Our usable, manageable water supply is projected to decline. The URGIA 
models along with projections from previous studies indicate a loss of 
winter snowpack and an increase in evaporation and water use by plants, 
which would result in a decrease in available water supply. Simulated 
average supplies of all native sources to the Upper Rio Grande Basin 
would decrease on average by about one third, while flows in the 
tributaries which supply the imported water of the San Juan-Chama 
Project would decrease by about one quarter. 
 
A decrease in the storage of water supply as snow decreases the amounts 
available for use during the irrigation season/summertime. There would 
also be an increase in all outside demands (including agricultural, 
riparian, and urban landscaping) due solely to the projected increases in 
temperature. The decrease in water supply would be exacerbated by the 
increase in demand; the gap between supply and demand will grow even 
if there are no decreases in precipitation.  
 
The growing imbalance between supply and demand would likely lead to 
a greater reliance on non-renewable groundwater resources. Increased 
reliance on groundwater resources will lead to greater losses from the 
river into the groundwater system. 
 

• Changes in the timing and spatial distribution of flows. The seasonality 
of flows changes dramatically for the Colorado headwater flows, the 
Chama and Jemez flows, and the San Juan-Chama Project tributary flows. 
There would also be changes in the geographic distribution and timing of 
runoff. Although the projections here do not portray it, other studies 
(for example Asmerom et al. 2013) have indicated some potential for 
strengthening of the summer monsoon, and therefore for an increase in 
the portion of the basin’s precipitation that falls in the summertime.  
These flows are downstream of our current ability to store that water. The 
projections suggest a somewhat more reliable supply from the San Juan-
Chama Project (as long as there is no across-the-board decrease in 
available supply in the Upper Colorado River system) than for the native 
Rio Grande supply. 
 

• Increases in the variability of flow. In all cases the projections show an 
increase in variability in meteorological conditions (temperature and 
precipitation) and in runoff volume from month to month and year to year 
as the simulations progress. 

 
Water operations modeling for the Upper Rio Grande Basin using these 
hydrologic projections as input suggests that increasing water demands within the 
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basin will exacerbate the gap between supply and demand. Such changes would 
lead to water management challenges for Reclamation and other water managers 
within the Upper Rio Grande Basin. 

 
Feedbacks can lead to cascading impacts. For example, more intense droughts and 
higher temperatures recently led to a greater moisture deficit in the region’s 
forests in New Mexico. Trees that aren’t getting enough water are more 
susceptible to beetle infestations, and infected weakened and dead trees are more 
susceptible to catastrophic wildfires. Thunderstorms tend to build over fire scars 
because heat builds up over the blackened ground, and intense thunderstorms on 
the fires scars lead to the washing of ash into rivers, and to debris flows. Ash in 
the rivers can lead to decreased oxygen in the water and cause fish kills. Debris 
flows can lead to sediment accumulation in our reservoirs, and sediment 
accumulation in our reservoirs can lead to less flood protection for downstream 
human infrastructure, and so on. 

6.1.2 Water Management Implications 

This URGIA analysis presents projected impacts to Upper Rio Grande Basin in 
terms of the parameters defined in the SWA as discussed in Chapter 5. The 
URGIA analysis showed the following results: 
 

• Water Infrastructure and Operations, and Water Delivery. The 
reduced surface-water inflows to the Upper Rio Grande Basin, coupled 
with increased irrigated agricultural and riparian vegetation demands, 
would result in decreased reservoir storage throughout the system, with 
commensurate decreases to water delivery. 
 

• Hydropower Generation. Lower flows and lower reservoir levels 
associated with climate change are projected to lead to less hydropower 
generation. The projected decrease is substantial. From an initial 
generation within the Upper Rio Grande system of around 15 megawatts, 
the rate would drop to almost 50 percent to around 8 megawatts by the end 
of the century, with most of the decrease occurring from May through 
September. 
 

• Flood Control Operations. Extreme flows are projected to become even 
more extreme and more frequent with climate change, and thus flood 
control operations would be needed more often in the future, and would 
need to mitigate for even larger floods. 
 

• Water Quality. Concentrations of nitrogen, phosphorus, suspended 
solids, and salt in surface waters throughout the system are projected to 
increase in the future due to higher evaporation rates for surface water. In  
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addition,  runoff from the projected higher intensity precipitation may 
wash a greater volume of pollutants into the river, despite a decreased 
overall flow volume. 
 

• Fish and Wildlife Habitat, Including Endangered Species Act (ESA) 
Listed Species and Critical Habitat. Climate change is projected to 
reduce available water in the Upper Rio Grande Basin. This reduction in 
water is expected to make environmental flows in the river more difficult 
to maintain, and reduce the shallow groundwater available to riparian 
vegetation. Both of these impacts could alter habitat conditions for fish 
and wildlife in the Upper Rio Grande Basin riverine and riparian 
ecosystems. 
 

• Flow and Water-Dependent Ecological Resiliency. Ecological and 
human systems within the basin already operate close to thresholds 
(i.e., points at which small changes could have larger-scale repercussions) 
related to available water supply. It is possible that some systems in the 
basin have already undergone regime shifts. In the future, as projected 
water supplies decrease and demands increase, water-availability 
thresholds may be crossed, and key systems may change their basic 
structure and function.  
 

• Recreation. Water-based recreation at Reclamation and USACE 
reservoirs, and river-based recreation, including whitewater rafting and 
fishing, may be negatively impacted by the projected decreases in flows. 
 

• The Rio Grande Compact. Analyses presented in this report assume that 
Colorado would use its ability for priority administration to assure its 
obligations are met under the Rio Grande Compact. However, the 
irrigation system would be significantly impacted. It is assumed that 
New Mexico would take additional management actions to meet its 
obligations; therefore, under the Compact Compliance Scenario, water 
availability to the Rio Grande Project would not be affected by delivery 
shortages. 

6.2 Next Steps 

6.2.1 Operational Modeling 

Methods and tools for projecting the impacts of climate change are constantly 
being developed and refined. The projections and analysis presented in this report 
represents a solid first step in the assessment of potential impacts in the Upper 
Rio Grande Basin, based on the best science and tools available at the time of 
initiation of the study. However, as our understanding is improved of the way  
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atmospheric, oceanic, and ecological processes are changing, and how feedbacks 
either mitigate or exacerbate these changes, our models will be refined, and our 
ability to project changes will be improved. It is therefore hoped that this study 
represents the first of a number of steps that Reclamation takes, in cooperation 
with its local partners, to project the water management challenges of our 
future. 
 
Efforts are currently underway to perform operational modeling of climate 
projections for the Upper Rio Grande on a daily timestep, using the Upper 
Rio Grande Water Operations Model (URGWOM). Such daily-timestep 
projections can provide information on the ways that the projected impacts would 
be experienced by humans, fish, and wildlife on the timescale at which we all 
experience our river system, on a daily basis. 
 
In addition, it is hoped that future analyses can be performed using the CMIP5 
suite of GCM simulations that is associated with the most recent efforts of the 
IPCC.  

6.2.2 WaterSMART Basin Study Program Activities 

As mentioned in section 1.4, this WaterSMART West-Wide Climate 
Risk Assessment (WWCRA) Impact Assessment establishes a baseline 
characterization of how climate change may impact water supply, demand 
and key water-management activities, as called for in the SWA. This Impact 
Assessment allows Reclamation to fulfill requirements under the SWA to better 
understand how its facilities, operations and water delivery commitments to its 
customers may be affected by climate change. To accomplish these objectives, 
Reclamation has assessed the potential impacts of climate change alone, without 
attempting to project what future development or management actions may be, 
including how population may change, how power generation may evolve, or how 
land use, including the amount and type of irrigated agriculture, may change. 
While factors such as these would undoubtedly be affected by climate change, 
these factors are also changing due to societal and economic pressures that are 
independent of climate change. 
 
Some WaterSMART Basin Study Program activities are available for 
stakeholders to pursue next steps: 
 

• Basin Studies. Fully understanding risks and impacts of climate change 
will require a study team to evaluate not just the direct impacts of climate 
change, as projected in this study, but the secondary impacts that result 
from human responses to these changes, and the other developments that 
will go on with or without climate change. These other changes will need 
to be evaluated through a collaborative process that includes all of the 
necessary stakeholders in a basin. Reclamation’s Basin Study Program has 
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been developed to provide a framework for this collaborative process, and 
includes various options for stakeholders to build upon the results from a 
WWCRA Impact Assessment. 

 
The Basin Studies are in-depth, water supply, demand and operations 
analyses that are cost-shared with stakeholders and selected through a 
competitive process. Through the Basin Studies, Reclamation works 
collaboratively with stakeholders to evaluate the ability to meet future 
water demands in a particular basin and to identify mitigation and 
adaptation strategies to address potential climate change impacts. 
More information about Basin Studies is available at 
<http://www.usbr.gov/WaterSMART/bsp/>.  

 
• Landscape Conservation Cooperatives. In addition to the WWCRA 

Impact Assessments and the Basin Studies, the Basin Studies Program 
includes Landscape Conservation Cooperatives (LCCs). The LCCs are 
partnerships of governmental (Federal, State, Tribal and local) and non-
governmental entities, and are an important part of the Department of the 
Interior’s efforts to coordinate climate-change science activities and 
resource management strategies. The Desert and Southern Rockies LCCs 
span the upper and lower Colorado River Basin and, together, include 
portions of Arizona, California, Colorado, Nevada, New Mexico, Utah, 
and Texas. Reclamation participates in LCCs encompassing the 17 
Western states and is co-leading the Desert and Southern Rockies LCCs 
with the FWS to identify, build capacity for, and implement shared 
applied science activities to support resource management at the landscape 
scale. See <http://www.usbr.gov/WaterSMART/lcc/> for more 
information. 

 
Reclamation is adding new activities to the Basin Studies Program that will 
provide stakeholders more opportunities to further refine adaptation strategies 
developed in Basin Studies. All of the existing and proposed activities within the 
Basin Study Program are complementary and represent a multi-faceted approach 
to the assessment of climate change risks to water supplies and impacts to 
activities in Reclamation’s mission, as well as the identification of adaptation 
strategies to meet future water demands.  
 
Currently, Reclamation is working on Basin Studies with the city and county 
of Santa Fe on the Rio Grande headwaters, the Santa Fe Watershed, and the 
San Juan-Chama Project and with the New Mexico Interstate Stream Commission 
on the Pecos River Basin. Reclamation is very much interested in partnering 
with other entities in the Upper Rio Grande. Please contact Reclamation’s 
Albuquerque Area Office if you are interested in partnering with Reclamation 
on a Basin Study within the Upper Rio Grande Basin. 
 

http://www.usbr.gov/WaterSMART/bsp/
http://www.usbr.gov/WaterSMART/lcc/
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I.  Basin History 
Largely due to the limited water supply and the highly variable stream flows in 
the Rio Grande, humans have modified the Rio Grande system over time to 
protect themselves from floods and to maximize their beneficial use of water. 
Human activities, taking advantage of flows in the Rio Grande system, extend 
back to the agricultural traditions of pueblo peoples. Pueblo oral histories convey 
and the archaeological record shows that pueblo peoples had developed systems 
of irrigated agriculture long before the coming of Europeans. Beginning with the 
reestablishment of Spanish settlement (after the Pueblo revolt) in the late 17th 
century, expanded irrigation activities began to affect the flows in the Rio Grande 
system. The subsequent agricultural practices and administration of the river, as 
well as the intensive use of non-irrigated lands within the Rio Grande Basin, 
during the Spanish, Mexican, and American periods brought about changes to the 
shape and behavior of the river, the distribution of flows in time through that 
river, and the habitat of the species that depend on that river for life. The greatest 
of these changes, by far, have been made over the past century. 

From the 1930s through the present, dam and levee construction, construction of 
irrigation and drain system, changing land use patterns, and river channelization, 
as well as groundwater pumping, has significant altered flows in the Rio Grande, 
and the relationship between surface water and groundwater throughout the Upper 
Rio Grande. Operation of the flood control and water storage dams alters the shape 
of the hydrograph, as well as the amount of water that is conveyed through the 
river. The alteration of the hydrograph and highly variable stream flows that have 
resulted in cycles of drought on the Upper Rio Grande also have influenced 
vegetation changes on the Upper Rio Grande.  

For this analysis, “Upper Rio Grande” Basin encompasses the headwaters of the 
Rio Grande in Colorado to the Caballo Reservoir in New Mexico, about 100 miles 
north of Mexico. Nine dams (Platoro, El Vado, Abiquiu, Nambe Falls, Cochiti, 
Galisteo, Jemez Canyon, Elephant Butte, and Caballo) plus three cross-river 
diversion structures and minor diversions between Embudo and Española have 
been constructed on the Upper Rio Grande or its tributaries over the past century 
by the U.S. Army Corps of Engineers (USACE), Reclamation, and the Middle 
Rio Grande Conservancy District (MRGCD), and in cooperation with other non-
Federal partners. These dams and diversion structures affect the flow and 
sediment distribution in the Upper Rio Grande. They alter flows by storing and 
releasing water in a manner that generally decreases flood peaks and alters the 
distribution in time of the flows in the annual hydrograph. These dams also trap 
significant amounts of sediment, causing buildup and increases in channel 
elevation upstream, and riverbed degradation and coarsening in the reaches below 
the dams. 
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Ground water use has exceeded 170,000 acre-feet per year in the Albuquerque 
Basin and has caused groundwater level declines of up to 160 feet (McAda and 
Barrol 2002). Ultimately, the water pumped from the aquifer will be replaced by 
seepage from the river into the groundwater system. 

Prior to documented development of water resources, the Upper Rio Grande had a 
high sediment load and an active, braided river channel with a mobile sand bed. 
The river’s active watercourse was up to a half-mile wide and included numerous 
braids. Over time, the active watercourses filled with sediment, then broke out 
into the floodplain and avulsed1 to create new active watercourses. This process 
led to aggradation of the floodplain. When peak flows were low for several years 
in a row, the active channel narrowed through vegetation encroachment along the 
channel margins and colonization of bars. Sediment stored during these low flow 
times was remobilized during subsequent large floods, which would re-establish a 
wider active channel. This process caused sediment to build up fairly uniformly 
across the floodplain. This active channel and floodplain connection provided 
habitat for all life stages of the silvery minnow and various successional stages of 
vegetation along the riparian corridor, used as breeding habitat by the endangered 
Southwestern Willow Flycatcher. 

Today, the Upper Rio Grande through much of its reach is a single–thread 
channel. This is a result of both anthropogenic and natural changes throughout the 
system that is now confined into a narrow corridor between levees. Between 
Cochiti Dam and Elephant Butte Reservoir headwaters, there are 235 miles  
(378 km) of levees (includes distances on both sides of the river) (U.S. Fish and 
Wildlife Service [FWS] 2005). Changes on the Upper Rio Grande in the last 
century have increased the channel uniformity, eliminating thousands of acres of 
the shallow, low velocity habitats required by both silvery minnow and 
flycatchers. The loss of habitat complexity may cause eggs and larvae of the 
silvery minnow to drift downstream longer distances than in more complex 
channels. A comparison of river habitat changes from 1935 through1989 shows a 
49 percent reduction of river channel habitat from 22,023 acres (8,916 hectares) to 
10,736 acres (4,347 hectares) (Crawford et al. 1993). The Upper Rio Grande also 
has been fragmented by cross-channel diversion structures, which silvery minnow 
can pass in a downstream direction—but not in an upstream direction. Due to the 
reproductive strategies of silvery minnow, upstream reaches continually lose 
offspring to lower reaches. 

The channel in the upstream portion of the Upper Rio Grande is deeper and 
swifter and more isolated from the surrounding floodplain. The abandonment of 
the floodplain in these reaches and the establishment of exotic (i.e., invasive) 
species in the bosque (Spanish word for “riparian forest”), such as Russian olive  

                                                
     1 Avulsed. Rapid abandonment of a river channel and the formation of a new river channel. 



Upper Rio Grande System and Operations 
West-Wide Climate Risk Assessment: Upper Rio Grande Impact Assessment 

 
 

 
 
Reclamation, USACE, and A-3 
Sandia National Laboratories 

and salt cedar, have made overbank habitat inaccessible to the silvery minnow 
and decreased the availability of dense willow and associated native vegetation 
and habitat important to flycatchers. 

The lower portion of the Upper Rio Grande, below San Acacia Diversion Dam, 
currently has an upstream incised channel isolated from the historical floodplain 
and a downstream perched river, in which the riverbed is elevated around the 
surrounding floodplain. In much of the downstream river, the Low Flow 
Conveyance Channel (LFCC; which currently functions like a riverside drain) 
serves as the low point in the valley in many areas. River flow is lost to the 
surrounding floodplain, drains, and groundwater system. The perched river 
system, in turn, makes the river channel more prone to drying under low flow 
conditions. Overbank inundation also occurs more often in the downstream 
portions of this reach; however, there is not always a direct path back from the 
overbank areas to the river, which may cause fish to be stranded as the flows 
drop. Today, this reach generally is aggrading with some channel degradation 
occurring when the Elephant Butte Reservoir pool is low, as is currently the case. 

II.  Upper Rio Grande Water Supply and 
Demand 

II.A.  Hydrologic Setting and Historical Conditions 

II.A.1.  Native Water Supply 

The Rio Grande Basin is located in the Southwestern U.S., and runs through a 
semi-arid region along the western edge of the Great Plains. From its headwaters 
in the San Juan Mountains of Southern Colorado, the Rio Grande flows 
southward through New Mexico, and then southeastward as it forms the 
international boundary between Texas and Mexico, before ultimately flowing into 
the Gulf of Mexico. The Rio Grande is one of the longest rivers in the United 
States, with a total river length of 1,896 miles (3,051 kilometers) and a drainage 
area of approximately 182,200 square miles (472,000 square kilometers). Basin 
topography varies from the mountains and gorges of the headwaters to the bosque 
and high desert of central New Mexico, to deserts and subtropical terrain along 
the boundary between Texas and Mexico. The Rio Grande serves as the primary 
source of water for agriculture throughout the Rio Grande Valley, as well as for 
municipal use by the major municipalities along the river corridor (including the 
cities of Albuquerque and Las Cruces, New Mexico; El Paso, Texas; and Cuidad 
Juarez, Mexico), and environmental and recreational uses in the states of 
Colorado, New Mexico and Texas, as well as in Mexico. The river also supports 
unique fisheries and riparian ecosystems along much of its length. 
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Flows in the Upper Rio Grande are derived from two primary native sources of 
inflow (the mainstem Rio Grande and the Rio Chama) and one source of imported 
water (the San-Juan Chama Project), as well as inputs from local precipitation and 
groundwater inflow. Combined, these sources, provide a highly variable and finite 
supply of water to a water-short region. The native inflow sources include the 
headwaters of the Rio Grande in the southern Rocky Mountains and the San Luis 
Valley of southwestern Colorado (approximately 75 percent of the native inflow), 
and the Rio Chama in the San Juan Mountains of southwestern Colorado and in 
northwestern New Mexico (about 25 percent of the native inflow). The native 
inflow, as measured at the Otowi gage upstream of Cochiti Reservoir, currently 
averages about 1.1 million acre-feet per year (S.S. Papadopulos and Associates 
2000), of which New Mexico can consume a maximum of 405,000 acre-feet per 
year under the terms of the Rio Grande Compact (Colorado et al. 1938). The 
imported water is the San Juan-Chama Project water, which constitutes a portion 
of New Mexico’s allocation under the Upper Colorado River Compact. This water 
is derived from tributaries to the San Juan River in Colorado, and provides a firm 
yield of 96,200 acre-feet/year, all of which must be consumed within the Upper 
Rio Grande. Additional water that is contributed to the river locally, from 
tributary inflows and from groundwater, was estimated in 2000 (S.S. Papadopulos 
and Associates 2000) to be approximately 180,000 acre-feet per year. This water 
is not subject to delivery requirements under the Rio Grande Compact, and may 
be fully consumed within the Upper Rio Grande. 

Snowmelt processes result in Upper Rio Grande streamflows from the mainstem 
Rio Grande, and to a lesser degree from the Rio Chama, that peak in the late 
spring and early summer and diminish rapidly by mid-summer. Peak snowmelt 
runoff from the Rio Chama tends to be earlier in time and smaller in magnitude 
than that from the mainstem of the Rio Grande. Local precipitation primarily 
occurs in the summertime, from thunderstorms that characterize the region’s 
summer monsoons, and feeds the Upper Rio Grande directly. These monsoons 
can produce additional peak flows in the river. However, these flows are usually 
smaller in volume than the snowmelt peaks and also of much shorter duration. 
While the peak runoff period typically occurs from April through June, the 
highest evapotranspiration and irrigation demands along the Rio Grande occur 
from June through mid-September. 

Figure 1 depicts the average distribution in time of native flows over the last 
century at several gages in the Middle Rio Grande or its tributaries. This figure 
shows that about 75 percent of the natural runoff volume in the mainstem gage 
Rio Grande at Otowi Bridge, as indicated by the Otowi Index Supply, occurs 
during April, May, and June, and represents snowmelt runoff. Similarly, along the 
Rio Chama, about 80 percent of the natural annual flow occurs during April, May, 
and June, and is attributable to snowmelt runoff. In contrast, the Rio Puerco, 
which originates along the Sierra Nacimiento east of Cuba, in Sandoval County, 
New Mexico and enters the Rio Grande near Bernardo, runs strongest in response  
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Figure 1.—Average monthly distribution of native runoff at various gages. 
 
 
to monsoon precipitation events. Nearly 80 percent of the recorded annual flow in 
the Rio Puerco occurs between July 1 and October 31, with nearly 40 percent 
occurring during August alone (USACE, 2007). These flows are primarily 
attributable to summer thunderstorms. 

A key characteristic of the Rio Grande system is the order of magnitude 
variability of streamflow on an inter-annual basis. Unregulated annual streamflow 
volumes at the upstream-most Rio Grande streamflow gage near Del Norte, 
Colorado, vary from less than 100,000 acre-feet up to well over 1,000,000 acre-
feet. This high variability is evident in Figure 2, which depicts nearly five 
hundred years of Rio Grande streamflow near Del Norte reconstructed from tree-
ring analysis. This reconstruction illustrates that the period of recorded stream 
flow, roughly 100 years, does not fully represent the historic range of extremes. 
For example, neither the recent drought years from 2001 through 2005 nor the 
1950s drought—the most severe drought in our collective memory—match the 
severity of 5 previous drought episodes within this reconstructed record (Hurd 
and Coonrod 2007). Some anthropologists speculate that droughts prior to the 
reconstructed period were severe enough in this region to cause the collapse of 
early pre-Columbian civilizations in the region (Plog 1997). At the other end of 
the spectrum, the series of wet years in the mid-1980s and 1990s register as one of 
the five wettest periods in this reconstructed record. 
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Figure 2.—Long-run tree-ring reconstructed streamflow of the Rio Grande near 
Del Norte.(Lukas 2008). 
 
 
A reconstructed record for Rio Grande streamflow at Otowi (1450 through 2002) 
is shown in Figure 3. The blue line indicates the reconstructed record of the 
10-year running averages from 1536 to 1999; the orange line indicates the 10-year 
running average of the actual gage record for Otowi over approximately the last 
century (since 1920). It can be seen on this plot that the long-term median 
reconstructed unregulated flow from 1450 through 2002 is about 1,800,000 acre-
feet. The record shows that, before 1900, there is greater year-to-year variability, 
and there are more extreme and longer-duration periods of low flows (Lukas 
2008). 

 

Figure 3.—Rio Grande, Otowi reconstructed natural streamflow water year 1450 
through 2002 and natural flow estimate for gage, 1958 through 2007 (10-year 
moving average). 
 
 
From analysis of the reconstructed record, the 1950s drought is the sixth driest 
record, whereas the more recent period from 1978 through 1987 is the wettest 
decade from 1450 through 2002 (Table 1). 
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Table 1.—Driest and Wettest Decades 

5 Driest Decades 5 Wettest Decades 

1576-1585 1978-1987 

1772-1781 1482-1491 

1623-1632 1610-1619 

1874-1883 1912-1921 

1893-1902 1831-1840 

1950-1959  
     Source:  Lukas 2008. 

 
 
A box and whisker plot of the Otowi natural flow reconstruction distributed for 
annual flows in each century (Figure 4) shows the median, 25 through 75th 
percentiles and the relatively extreme variability at the 5 and 95th percentiles. The 
plot shows that the 1900s have been slightly less extreme, and wetter on average 
than the previous four centuries (Lukas 2008). This indicates that annual flows 
measured in the 20th century may not be good indicators of the full range of 
historic variability. 
 

 
 
Figure 4.—Box and whiskers plot of reconstructed Otowi natural flow. 
(Source Lukas 2008). 
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Droughts, defined as a year or more with annual flows less than the long-term 
median (i.e., less than 1,800,000 acre-feet unregulated flow at the Otowi Gage), 
are common in the historical record, with several mega-drought events lasting 
longer than 20 years. The 20th century record (1900 through 2000) includes only 
one period with a long-duration drought, within which were 16 years with 
available water below the long-term median. An additional dry period straddled 
the two centuries, extending from 1996 to 2004. 

II.A.2.  Non-Native Supply (San Juan-Chama Project) 

Reclamation’s San Juan-Chama Project consists of a trans-basin diversion that 
takes water from the Navajo, Little Navajo, and Blanco rivers, upper tributaries 
of the San Juan River (of the Colorado River Basin), for use in the Upper 
Rio Grande Basin in New Mexico. The San Juan-Chama Project was authorized 
in 1962 under Public Law 87-483, which amended the Colorado River Storage 
Project Act of 1956 (Public Law 84-485) to allow diversion of a portion of 
New Mexico’s allocation of Colorado River Basin water into the Rio Grande 
Basin of New Mexico. A limit of the San Juan-Chama Project water is that it must 
be beneficially consumptively used in New Mexico. 

The firm yield of the San Juan-Chama Project is 96,200 acre-feet per year, which 
provides Supplemental Water supplies for various communities and irrigation 
districts. Reclamation maintains this water in a San Juan-Chama Project pool at 
Heron Reservoir. Depending upon the available supply, Reclamation allocates the 
water to contractors on January 1 of each year. Until 2013, Reclamation has had 
sufficient water in the project to provide the contractors with this full yield on 
January 1 of each year.  

II.B.  Groundwater Supply 

Between 1940 and 1957, groundwater use, especially along the Albuquerque 
reach, increased considerably, which led the State Engineer in 1957 to declare the 
Rio Grande Underground Water Basin, which authorized the State Engineer to 
control groundwater uses within the basin. In that year, the State Engineer began 
to impose conditions on new groundwater uses that required that groundwater 
users to purchase equal surface-water rights to each new appropriation of 
groundwater, and to retire those rights when the impact of the associated 
groundwater pumping is felt on the river. 

Since that time, groundwater development has exploded, primarily to support 
municipal and industrial development. In 2000, the Office of the State Engineer 
estimated that groundwater pumping from the Albuquerque basin totaled 
156,800 acre-feet per year; in that year, the State Engineer also closed the 
Albuquerque Basin to future development for which offset rights were not 
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already purchased and transferred. Groundwater uses have been offset through the 
retiring surface-water rights, primarily from agriculture, and through replacing the 
impact of the groundwater pumping on the river with contracted water from the 
San Juan Chama project. Still, groundwater pumping has had considerable impact 
on the continuity of river flows. In 1956, the State Engineer estimated that the 
Rio Grande between the Colorado state line and the mouth of the Red River in 
Texas gained 93,000 acre-feet per year; In 2002, the Middle Rio Grande alone 
was estimated to lose 95,000 acre-feet per year (Bartolini and Cole 2002, Jones 
2002). 

II.C.  Upper Rio Grande Discharge Characteristics 

While the Upper Rio Grande has become a regulated river system, the annual 
hydrograph still bears the general character and shape of the pre-development 
hydrograph. For example, the annual flows at the Otowi gage still vary over an 
order of magnitude, from 250,000 to 2.25 million acre-feet, with the majority of 
that flow occurring in the months of April through June. Figure 5 displays the 
mean monthly discharge (in cubic feet per second [cfs]) of the Rio Grande at three 
locations on the mainstem of the Rio Grande based on U.S. Geological Survey 
(USGS) river gage data from 1975 through 2008. It should be emphasized that 
maximum (peak spring runoff and summer rain events) and minimum (low/zero 
flow during dry periods) discharges are masked in this presentation through 
monthly averaging. 

Figure 5 reveals that the Rio Grande hydrographs have a relatively low discharge 
from August through February and a higher discharge associated with spring 
runoff from mid-March through mid-July. The difference between the Cochiti 
release and the flow of the Rio Grande at Albuquerque gage is a result of channel 
losses and diversions (Figure 6). The hydrograph shows that these channel 
losses and diversions total approximately 300 cfs on average during the month 
of May. Maximum (peak spring runoff and summer rain events) and minimum 
(low/zero flow during dry periods) discharges are masked by the monthly 
averaging. Figure 7 displays the mean monthly discharge (cfs ± one standard 
deviation) of the Rio Grande at Otowi gage based on USGS data from 1895 
through 1999. Again, note that maximum and minimum discharges are masked 
by the monthly averaging. 
 
Figure 7 reveals the general characteristics of the Rio Grande hydrograph at 
Otowi gage as having a relatively low discharge from about August through 
February and a significantly higher discharge associated with spring snowmelt 
runoff from mid-March through mid-July. Summer irrigation demands can be 
over 900 cfs; native Rio Grande flows are typically insufficient to meet these 
needs (Flanigan 2004). 
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Figure 5.—Mean monthly discharge (cfs) of the Rio Grande at Otowi gage, 
Albuquerque gage, and Cochiti Outflow, 1975 through 2008. 

 
 

 

Figure 6.—Impact of flood control and other structures on Rio Grande discharge. 
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Figure 7.—Mean monthly discharge (cfs; ± one standard deviation) of the 
Rio Grande at the Otowi Gauge. (U. S. Geological Survey data, 1895 through 1999). 
 
 
A more recent representation of median flows at Otowi gage from 1971 through 
2007 is shown in Figure 8, broken down by the probability of occurrence of 
the distribution of flows. These hydrographs reflect hydrologic and water 
management conditions since the start of the San Juan-Chama Project and 
construction and operation of Cochiti Dam. The time period in the hydrographs 
also includes the historically wet period in the early to mid-1980s. Flows in the 
Rio Grande basin are skewed toward more frequent lower flows, and larger 
variation in the upper flows, such that mean monthly discharges, especially during 
the months of spring runoff, are significantly higher than median flows. Median 
flows are the 50th percentile flows (i.e. where half the discharges are higher and 
half are lower). Median spring peak flows are less than 3,500 cfs and occur in late 
May. 

Increasing urban populations are increasing the amount of return flows provided 
from wastewater treatment plants and stormwater management facilities. 
Population increases in the basin that may affect flows along the mainstem 
Rio Grande include growing numbers of domestic wells in the Albuquerque basin, 
water rights transfers within and outside the Albuquerque basin, and decreases in 
irrigated lands resulting from housing development in the valley floor. 
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Figure 8.—Discharge of the Rio Grande at Otowi Gage (1971 through 2007). 
Reference: USGS data 1971 through 2007. 
 
 
The City and County of Santa Fe are also initiating, under their Buckman Direct 
Diversion project, direct use of their 5,605 acre-foot per year allocation of 
San Juan-Chama Project water to supplement their municipal supply. The city 
has been diverting water to the Buckman Direct Diversion project from the 
Rio Grande since January 2011. 

II.D.  Changes to Size and Duration of Peak Flows and 
Reservoir Storage 

Reservoirs are managed to store and release water in a way that scalps the peaks 
off the hydrographs, and provides water during lower-water and higher-use times 
that might not otherwise have sufficient water available. Major reservoirs on the 
Upper Rio Grande are listed, in upstream to downstream order, in Table 2.  Please 
note that Galisteo Dam does not have an associated reservoir. 

Construction and operation of flood control and water storage dams (Heron, 
El Vado, Abiquiu, Cochiti, Platoro, and Elephant Butte), as well as irrigation 
diversion dams (Buckman, Angostura, Isleta, and San Acacia), have modified the 
natural flow of the river. Mainstem dams store spring runoff and summer inflow, 
which would normally cause flooding, and release this water back into the river 
channel over a prolonged period of time. USACE normally will pass inflow, as it 
occurs, up to the channel capacity of the river reach below the dam. 
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Table 2.—Major Reservoirs in the Upper Rio Grande. 

Reservoir 
Capacity  

(acre-feet) 
Primary 
Manager Primary Purposes 

Heron 401,300 Reclamation Storage 
El Vado 195,440 Reclamation Storage 
Abiquiu 1,198,500 USACE Flood Control and Storage 
Nichols and McClure 3,940 City of Santa Fe Storage 
Cochiti 589,159 USACE Flood Control 
Platoro 60,000 Reclamation Flood Control and Storage 
Jemez 262,473 USACE Flood and Sediment Control 
Elephant Butte 2,023,400 Reclamation Storage 
Caballo 326,670 Reclamation Reregulation 
 

At the tail end of the spring snowmelt runoff, PL 86-645 may affect USACE 
floodwater evacuation at Abiquiu and Cochiti dams. USACE is directed by PL 
86-645 to hold (carry-over) floodwater in Abiquiu or Cochiti Reservoirs after 
July 1 when the natural flow at Otowi gage falls below 1,500 cfs. This water must 
subsequently be released between the following November 1 and March 31. 
While carryover storage is not a common occurrence, USACE does have 
discretion as to how this water is evacuated. These releases are made during the 
winter months, when low-flows would normally occur. 

With operation of the Albuquerque Bernalillo County Water Utility Authority 
(ABCWUA) Drinking Water Project, regular releases of San Juan-Chama Project 
waters are reducing the likelihood of future river drying as far downstream as the 
Project’s inflatable dam and diversion structure near the Paseo del Norte bridge 
in Albuquerque. ABCWUA’s permit (which is currently under litigation) allows 
the ABCWUA to divert as long as: 

• Native Rio Grande flows are available above curtailment thresholds 
specified in the New Mexico Office of the State Engineer permit, and 

• Flood flows will not cause damage to structures or adversely affect water 
quality. 

ABCWUA is required by its permit to return at least the volume of the native 
Rio Grande flows diverted at its wastewater treatment plant outfall south of 
Albuquerque. ABCWUA project, when operating, is expected to reduce flows 
across Isleta Diversion Dam by up to 12 cfs in June through August. Operations 
of the dam for the ABCWUA Drinking Water Project have impacted the 
consistency of water availability at Isleta Dam. 
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Similar operations by the Buckman Direct Diversion Project near Santa Fe 
include diversion of an additional 10 cfs in June and July. As a result, flows 
across Isleta Diversion Dam may, under certain conditions, decrease by 8 to 
11 cfs from June through October, with less of an impact at other times of the 
year (U. S. Fish & Wildlife Service, 2007). 

Increases in flows in November and December are attributed to the curtailment 
of irrigation diversions, a decrease in riparian evapotranspiration, a significant 
reduction in open water evaporation rates, the release of held-over flood waters 
following wet runoff years, releases of unused prior and paramount water, and an 
emphasis on New Mexico deliveries under the Rio Grande Compact during the 
colder winter seasons to minimize depletions and carriage losses. Winter flows 
tend to be near 500 cfs even during dryer years. 

II.E.  Low Flow Conditions and Historic River Drying 
(1956 through 2000) 

A database was assembled for the 2003 Biological Assessment (U.S. Fish and 
Wildlife Service, 2003) that contains historical daily river flows measured at 
Albuquerque (Central Avenue gage), San Acacia, and San Marcial over the 
45-year period from 1956 through 2000. The database was used to calculate the 
percentage of days with zero-flow at the noted gage locations. It must be noted 
that these percentages represent actual historic zero flow occurrences under river 
management practices that existed at the time that the measurements were made. 
River management practices that were employed at various times from 1956 
through 2000 included: 

• Active and complete diversion of the Rio Grande into the LFCC at 
San Acacia 

• Diversion into Middle Rio Grande Project facilities and irrigation of 
Indian and non-Indian land within the MRGCD 

• Active operation of all existing reservoirs for storage and release 

• San Juan-Chama Project water releases 

• Actions specifically targeted to benefit endangered species 

The years in this record were ranked based on the total annual flow recorded at 
the Embudo gage on the Rio Grande mainstem and the La Puente gage on the 
Chama, upstream of the reservoirs. According to this measure, the driest year 
within this record occurred in 1977, with a total annual combined flow at Embudo 
and La Puente of 256,256 acre-feet. The wettest year within this record occurred  
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in 1985, when the combined Embudo and La Puente flow was 1,872,072 acre-
feet. The average of the flows recorded at Embudo and La Puente over the entire 
45-year period was 853,141 acre-feet. 

The ranked 45-year record was then divided into equal thirds, designated to 
represent “dry years,” “average years,” and “wet years” (Table 3). The number of 
zero-flow days (agreed for this analysis to include all days with measured daily 
average flow less than 1 cfs) was summed by month for Albuquerque (Central 
Avenue), San Acacia, and San Marcial gages. This analysis is summarized in 
Table 3 for “dry years” and “average years” in terms of percentage of days with 
zero flow for the months of May through October. Current water management 
practices have significantly reduced the number of days with zero flow. 
 
 
Table 3.—Historic Percentage of Days with Zero Flow (1956 through 2000) 

Location May June July August Sept. Oct. 

Historic Percentage of Days with Zero Flow – “Dry Years” 

Albuquerque 3% 12% 17% 9% 6% 20% 

San Acacia 0% 13% 31% 11% 24% 13% 

San Marcial 65% 73% 62% 44% 45% 54% 

Historic Percentage of Days with Zero Flow – “Average Years” 

Albuquerque 0% 0% 0% 0% 5% 9% 

San Acacia 0% 3% 3% 8% 8% 3% 

San Marcial 11% 30% 54% 38% 45% 54% 

III.  Water-Management Infrastructure, 
Operations and Water Demand 

The term “water operations” describes the human operations of dams and 
diversions and activities that put water to beneficial use. Five types of water 
operations are implemented, often simultaneously, within the Upper Rio Grande 
system: 

1) Flood control 

2) Irrigation  

3) Municipal and industrial diversion, use, and return flow 
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4) Environmental operations 

5) Recreational/rafting 

The Upper Rio Grande is an engineered system. River flow and water movement 
throughout the Rio Chama and Upper Rio Grande are constrained by the 
physical capabilities and existing authorities associated with the system’s water 
management facilities, operations, and policies. The Upper Rio Grande is affected 
by Colorado State line Compact deliveries, Rio Chama and other tributary inputs, 
imported San Juan-Chama Project waters, USACE’s flood control reservoirs 
along the Rio Chama and Rio Grande, and the Upper Rio Grande Project, all 
of which contribute to or regulate flows along the Rio Chama and the Upper 
Rio Grande. 

Figure 9 is a schematic representation of the Rio Chama and Rio Grande that 
shows the major facilities and/or entities that impact flows in the Upper 
Rio Grande—from Heron Reservoir operations at the top to the Bosque 
Del Apache Wildlife Refuge at the bottom. 
 

Figure 9.—Schematic representation of major water facilities impacting river flows 
in the Middle Rio Grande. 
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The major Federal reservoir facilities within the action area include the following: 

• Rio Chama 

o Heron Dam Reservoir (owned and operated by Reclamation as part of 
the San Juan-Chama Project) 

o El Vado Dam Reservoir (owned and operated by Reclamation as part 
of the Upper Rio Grande Project) 

o Abiquiu Dam and Reservoir (owned and operated by USACE for flood 
control and San Juan-Chama Project storage) 

 
• Rio Grande 

o Cochiti Dam and Reservoir (owned and operated by USACE for flood 
control) 

 
• Off-Channel 

o Jemez Canyon Reservoir (owned and operated by USACE for flood 
control) 

o Galisteo Dam (owned and operated by USACE for flood control) 
 

Heron Dam and Reservoir are on Willow Creek, a tributary of the Rio Chama. 
Reclamation operates Heron Reservoir to manage imported San Juan-Chama 
Project waters and passes all native Rio Grande flows. Reclamation operates 
El Vado Reservoir to store native Rio Grande water, when allowed by the 
Rio Grande Compact, for use in the Upper Rio Grande Project service area by 
non-Indian farmers and the six Pueblos. Reclamation stores native Rio Grande 
waters for prior and paramount water needs pursuant to a 1981 interagency 
agreement. When space is available, El Vado also may store San Juan-Chama 
Project water. Abiquiu Reservoir is authorized for flood control, sediment control, 
and storage of both San Juan-Chama Project and native Rio Grande waters. 
However, storage of native Rio Grande water in Abiquiu is rare. 

Very little native Rio Grande flow is actually captured and stored in the major 
reservoirs in this system. On average, only 100,000 acre-feet of native Rio Grande 
water (less than 10 percent of annual average flow at Otowi gage) is historically 
stored (even temporarily) upstream of Elephant Butte Reservoir. The vast 
majority of combined storage in Heron, El Vado, Abiquiu, and Cochiti Reservoirs 
is imported San Juan-Chama Project water (Flanigan, 2007). 

Rio Grande flows at Otowi gage, which is located just downstream from the 
confluence of the Rio Chama, consist of unregulated mainstem Rio Grande flows 
crossing the border from Colorado and discharges from reservoirs along the 
Rio Chama, including both native Rio Grande watershed inputs and imported 
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San Juan-Chama Project waters. Cochiti Reservoir is the sole main stem reservoir 
capable of regulating these native Rio Grande flood flows. Native Rio Grande 
spring runoff from April through June typically is allowed to pass through Cochiti 
Dam unregulated, with the exception of peak flows that exceed safe channel 
capacity. Abiquiu Reservoir is the primary flood control reservoir along the 
Rio Chama, and the Jemez Canyon and Galisteo provide flood control on the 
Jemez and Galisteo rivers, respectively—tributaries that discharge to the Upper 
Rio Grande. Releases from the other water supply reservoirs along the Rio Chama 
(i.e., Heron and El Vado reservoirs) typically occur later in the year, from May 
through October, depending on irrigation demand and the need for available 
Supplemental Water to meet environmental flow requirements. 

The Low Flow Conveyance Channel (LFCC) is a 54-mile long riprap-lined 
channel that parallels the Rio Grande on the west side and originally extended 
from San Acacia Diversion Dam to the narrows of Elephant Butte Reservoir but 
now ends approximately at river mile 60. The LFCC was constructed to aid 
delivery of Rio Grande Compact water and sediment to Elephant Butte Reservoir 
and serves to improve drainage of irrigated lands and provide additional water for 
irrigation by collecting water draining from farmland. The LFCC is owned, 
operated, and maintained by Reclamation. 

New Mexico water law follows the Doctrine of Prior Appropriation, which gives 
senior water users a better right than junior water users in times of shortage. 
Under the doctrine, priority of water rights is determined through a stream system 
adjudication in a court of law. Water rights in the Upper Rio Grande have not yet 
been adjudicated to determine their nature and extent, and the waters of the Upper 
Rio Grande are fully appropriated. 

III.A.   San Juan-Chama Water Operations 
The San Juan-Chama Project operations augment the Rio Grande water supplies 
through transbasin diversion of Colorado River water. San Juan-Chama Project 
water must be consumptively used in New Mexico and cannot be used for 
deliveries under the Compact. 

Figure 10 provides a summary of annual San Juan-Chama Project diversions, 
which enter to the Rio Grande system via the Azotea Tunnel, annual inflows of 
San Juan-Chama Project water to El Vado Reservoir, and annual amounts of 
water conveyed at the Otowi gage for consumption in the Upper Rio Grande. 

During the 11-year period shown in Figure 10, an annual average of about 
61,550 acre-feet of San Juan-Chama Project water passed the Otowi gage in 
response to downstream demand by San Juan-Chama Project contractor requests 
and Reclamation Supplemental Water Program releases. The remainder of 
San Juan-Chama Project water remained stored in Upper Rio Grande reservoirs, 
especially El Vado and Abiquiu, as shown in Figure 11. 
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Figure 10.—Summary of annual Heron Reservoir operations under the San Juan-
Chama Project, including inflows, outflows, and storage of San Juan-Chama 
Project water and annual amounts of San Juan-Chama Project water crossing the 
Otowi gage for consumption within the Upper Rio Grande. 
 
 

 
Figure 11.—Summary of end-of-year storage of San Juan-Chama Project water in 
Middle Rio Grande reservoirs. 



Upper Rio Grande System and Operations 
West-Wide Climate Risk Assessment: Upper Rio Grande Impact Assessment 
 
 

 
 
A-20 Reclamation, USACE, and 

Sandia National Laboratories 

III.B.  Platoro Dam 

Platoro Dam is on the Conejos River, a tributary to the Rio Grande in southern 
Colorado. The dam is located high (9,911 feet) in the San Juan Mountains and is 
about 80 miles upstream from the Conejos/Rio Grande confluence. Congressional 
authority for the construction of Platoro Dam is contained in the Interior 
Appropriation Act of 1941. The dam was completed in 1951 by Reclamation as 
a multi-purpose facility for irrigation storage and flood control. The operation 
and maintenance responsibility has been transferred to the Conejos Water 
Conservancy District. USACE is responsible for administering the flood control 
regulation pursuant to Section 7 of the Flood Control Act of 1944. 

Total storage in Platoro Reservoir is approximately 60,000 acre-feet, of which 
6,000 acre-feet is reserved solely for flood control and the remainder is jointly 
used for flood control and irrigation storage. The maximum rate of release from 
the dam is 920 cfs. In order to preserve fish and wildlife habitat below the dam, 
the Conejos Water Conservancy District maintains minimum instream flows of 
7 cfs during October through April, and 40 cfs (or natural inflow, if less) during 
May through September. Flood control and irrigation storage operations at Platoro 
Dam have minimal effect on flows in the Rio Grande. 

III.C.   El Vado Storage and Release Operations 
Water storage dams, such as El Vado Dam, are managed to store and release 
water in a way that alters the spring hydrograph by scalping the peaks off the 
hydrographs and providing water when natural flows are lower and water needs 
are higher—times when the natural flows might not otherwise provide sufficient 
water to meet all the water needs. Figure 12 presents a summary of storage and 
release activities at El Vado Reservoir over the past 11 years and visually shows 
the ways that El Vado Dam operations have affected the Rio Chama hydrograph. 
 
Releases of stored water from El Vado are made at the request of the MRGCD, as 
needed to meet Upper Rio Grande irrigation demand, or, when the MRGCD is 
under shortage operations, by the Bureau of Indian Affairs as needed to meet the 
irrigation demand of the lands of the Six Middle Rio Grande Pueblos with prior 
and paramount water rights. 

When Article VII storage restrictions under the Rio Compact are not in effect, the 
peak inflows to El Vado Reservoir, shown in blue, tend to be larger than, and 
occur before, the peak outflows from the reservoir. In the summertime, the 
outflows from storage tend to exceed the inflows to the reservoir. This outflow 
from storage may be evident even when Article VII restrictions are in effect, due 
to releases of water stored earlier, when storage restrictions were not in place.  
Heron Dam outflows are also shown on Figure 12. These flows represent 
San Juan-Chama water, the non-native portion of the flow that passes through 
El Vado. 
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Figure 12.—Hydrograph depicting El Vado Reservoir operations, 2001 through 
2011, including a comparison of Heron Dam outflow, El Vado Reservoir inflow 
and El Vado Dam outflow. 
 
These relationships can be seen more clearly for the annual hydrograph, for 2007, 
an example year with a typically-shaped spring hydrograph, shown in Figure 13. 
The difference between the Heron Dam outflow (green line) and the El Vado 
Reservoir inflow (blue line) represents the native inflow from the Rio Chama. The 
difference between the El Vado Reservoir inflow (blue line) and the El Vado Dam 
outflow (red line) shows the ways in which the operation of El Vado Dam 
affected the hydrograph of the Rio Chama. 
 

Figure 13.—Comparison of Heron Dam outflow, El Vado inflow, and El Vado 
outflow, 2007. 
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III.D.   Flood Control Operations 

USACE owns and operates Abiquiu and Cochiti Dams, which are primarily used 
for flood control. Flood control dams affect flows in the river by storing and 
releasing water in a manner that decreases flood peaks but does not cause 
significant changes in the shape of the hydrograph or in the annual total flow 
volume (USACE et al. 2007). The flood control dams in the Middle Rio Grande 
system are operated to pass all inflows except those that exceed a designated safe 
channel capacity downstream from the dam, currently 1,800 cfs below Abiquiu 
Dam and 7,000 cfs below Cochiti Dam. 

Figure 14 shows the inflow to and outflow from Abiquiu Reservoir over the 
past decade. The designated safe channel capacity below Abiquiu Dam is only 
1,500 - 1,800 cfs, due to capacity restrictions in the reach directly below the dam, 
as well as the presence of numerous rock and brush diversions in the vicinity of 
Chamita (USACE 1995 [Water Control Manual, Appendix A]). The effects of 
flood operations, therefore, are more apparent on the hydrograph, and can be seen 
in 2001, 2004, 2005, 2008, 2009, and 2010. These flood control operations 
prevent the flows on the Rio Chama from significantly contributing to overbank 
or recruitment flows in the Upper Rio Grande. 

 

 

Figure 14.—Comparison of inflow to and outflow from Abiquiu Reservoir, 2001 
through 2011, showing flood control operations in 2001, 2004, 2005, 2008, 2009, 
and 2010. 
 

Figure 15displays the inflow to and outflow from Cochiti Reservoir over the past 
decade. The general character of each annual hydrograph is similar, indicating 
that the dam operations do not fundamentally change the character of the  
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Figure 15.—Inflow and outflow hydrographs for Cochiti Reservoir, 2001 through 
2012. 
 
 
hydrograph, except in removing flows that exceed 7,000 cfs, the designated safe 
channel capacity in the Middle Rio Grande. When inflow exceeds this designated 
safe channel capacity, releases are cut to below 7,000 cfs, and the duration of the 
high flow event is extended until the floodwaters have been released. Such an 
operation can be seen in 2005 during the snowmelt runoff, but at no other time 
during the decade. 

III.E.  Cochiti Deviations 

In 2007, the Rio Grande Compact Commission and the Corps of Engineers 
approved deviations from the Corps’ normal reservoir operation schedule 
(as specified in its Water Control Manual; U.S. Army Engineer District, 
Albuquerque, Corps of Engineers, 1996) to support minnow spawning and 
recruitment. During a “Cochiti deviation,” waters on the ascending limb of the 
spring runoff hydrograph are held back and temporarily stored in Cochiti Lake in 
an amount sufficient to allow the desired discharge volume and duration during 
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peak flows when these waters are released. In this way, USACE is authorized to 
temporarily store up to 10,000 acre-feet of water in Cochiti Reservoir. 

Such deviations from normal operations were implemented in 2007 and 2010, in 
coordination with the FWS and Federal and non-Federal water management 
agencies. Such deviations from normal operations of Cochiti Dam to support 
overbank or recruitment flows have been approved by USACE and, therefore, 
were implemented as feasible and deemed appropriate, through 2013. 

A deviation was implemented in 2007 to create a minnow spawning and 
recruitment flow of over 3,000 cfs, as measured at the Central Avenue 
(Albuquerque) gage, for a period of 7 to 10 days. The deviation operations 
produced an extended peak runoff flow resulting in 26 days above 2,500 cfs and 
10 days above 3,000 cfs at Albuquerque. In 2010, a deviation was implemented to 
achieve an overbank flow of 5,800 cfs at the Central Avenue gage for 5 days. 
However, only a 2-day overbank flow of this magnitude was achieved. Annual 
hydrographs displaying the effects of the 2007 and 2010 Cochiti deviations are 
presented in Figure 16 and Figure 17. 
 

 

Figure 16.—Comparison of inflow to and outflow from Cochiti Reservoir, 2007, 
showing the effects of “Cochiti deviation” operations. 
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Figure 17.—Comparison of inflow to and outflow from Cochiti Reservoir, 2010, 
showing the effects of “Cochiti deviation” operations. 

III.F.  Ground Water 

Since the 1940s, population growth, combined with technological improvements 
in well drilling and pumping, have led to dramatic increases in groundwater 
pumping in the Upper Rio Grande, primarily for domestic, municipal, and 
industrial use (McAda and Barrol 2002). As of 1999, it was estimated (Bartolini 
and Cole 2002) that 170,000 acre-feet per year are pumped from the river-
connected aquifer in the Upper Rio Grande, up to 110,000 of which were pumped 
by the ABCWUA for use in Albuquerque and Bernalillo County (ABCWUA 
2010 [accessed March 2011]), although ABCWUA has now cut back that 
pumping to near half that amount, as it phases in use of its San Juan-Chama 
Project water. This pumping has caused groundwater drawdowns of up to 160 feet 
in some areas of Albuquerque (McAda and Barrol 2002). Ultimately, the water 
pumped is made up for by seepage from the river into the groundwater system. 
Recharge from the river to the aquifer through the Upper Rio Grande was 
estimated in 1999 to total 295,000 acre-feet per year. 

The New Mexico Office of the State Engineer has calculated the depletions 
caused to the river by groundwater pumping, and requires that the entities who do 
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the pumping replace the water volume to the system, including the river and other 
affected users, through return flows, the purchase of water rights, or repayment of 
the water from upstream storage using San Juan-Chama Project water. 

The State Engineer provides Reclamation with letters describing, for each 
pumper, the time period of depletions from the river, the volume of water 
depleted from the river, and a deadline for the pumpers to release San Juan-
Chama Project water to replace that which was lost from the river and was not 
offset through the purchase of water rights or through return flows to the river 
(termed “letter water”). The depletions are described by the State Engineer as 
cumulative effects on Elephant Butte Reservoir (and, therefore, to New Mexico’s 
deliveries under the Rio Grande Compact) due to depletions above and/or below 
the Otowi gage and cumulative effects on the Rio Grande in the Upper Rio 
Grande above and/or below the Otowi gage. Depletions that occur during the 
irrigation season are considered effects on the Upper Rio Grande and are 
replenished by releases to the MRGCD, which has the right to divert that flow. 
Depletions that occur outside of the irrigation season are considered effects on 
Elephant Butte Reservoir and are replenished to the Rio Grande. 

The replacement San Juan-Chama Project water the State Engineer requests is 
released from reservoirs on the Rio Chama. If the depletion is deemed to have 
affected the MRGCD, the MRGCD can request to have the water stored or 
released to the Rio Grande for use in irrigation. If the depletion is deemed to have 
affected Elephant Butte Reservoir, the water is released to the Rio Grande, to be 
delivered to Elephant Butte Reservoir. 

Reclamation has received letters from the New Mexico Office of the State 
Engineer requesting releases to replace water depleted over the current, previous, 
and sometimes 3 previous years. The depletions occur gradually and are replaced 
by an equivalent volume over a short period, typically 1 to 10 days. These short 
duration replacements typically occur months to years after the depletion. Total 
volumes of the depletions made up through “letter-water” deliveries of San Juan-
Chama Project water over the 2001 through 2010 period ranged from 1,000 to 
7,000 acre-feet per year. For example, at the end of 2010, the State Engineer 
requested releases for the following contractors to offset 2009 depletions:  

• 93 acre-feet for the city of Espanola 
• 161 acre-feet for the village of Los Lunas 
• 13 acre-feet for the town of Taos 
• 6 acre-feet for village of Taos Ski Valley 
• 47 acre-feet for the city of Belen  
• 2,024 acre-feet for the ABCWUA 
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III.G.   Water Right Transfers 

As discussed in section 3, the New Mexico Office of the State Engineer has 
jurisdiction over water rights administration in New Mexico, and water rights are 
alienable private property rights that can be conveyed like other property rights. 
The majority of water rights sold in the Upper Rio Grande have been purchased 
by large corporate entities, such as developers, or the cities of Rio Rancho and 
Albuquerque. Other purchasers include some primary income farmers who 
purchase water rights or additional agricultural land to expand operations, as well 
as private entities involved in water intensive activities, such as residential 
developers, utilities, and technology. The transfer of land and water from 
agricultural to urban uses in the Upper Rio Grande was modeled by Sandia 
National Laboratory in November 2004 (Sandia National Laboratories 2004). 
Analyzing trends in water rights transfers is difficult because data are not readily 
available, accurate or up to date (Sandia National Laboratories 2004). 

The aquifer in the Upper Rio Grande, consisting of Santa Fe Group and younger 
alluvial deposits, is known to be hydrologically connected to the Rio Grande 
surface water system. Since groundwater diversions from aquifers hydrologically 
connected to the Rio Grande affect the fully appropriated surface flow, the 
NMOSE conjunctively manages the State Engineer established guidelines 
(New Mexico Office of the State Engineer 2000) for the Middle Rio Grande 
Administrative Area (MRGAA) to ensure compliance with the Rio Grande 
Compact to: 

• Prevent impairment to existing rights 

• Limit the rate of decline of groundwater levels so that the life of the 
aquifer is extended 

• Minimize land subsidence 

The guidelines embody the State Engineer’s existing practice for evaluating 
applications for permits for groundwater use in the MRGAA and recognize that 
offsetting the effects of groundwater diversions is critical to the conjunctive 
management of water resources within the Upper Rio Grande stream system. 
Accordingly, the guidelines provide that permitted groundwater diversions shall 
be limited to the amount of valid consumptive use surface water rights held and 
designated for offset purposes by the permittee plus any State-Engineer-approved 
flow returned directly to the Rio Grande. As mentioned above, the use of offsets 
or return flows replaced the depleted surface water in volume but does not restore 
the timing of flows in the river. 
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III.H.  Water Management to Meet the Needs of the Six 
Middle Rio Grande Pueblos 

The six Pueblos (Cochiti, Santo Domingo, San Felipe, Santa Ana, Sandia, and 
Isleta) hold aboriginal, time immemorial, reserved, and, in some instances, 
contract water rights that are recognized and protected under Federal law. A 
certain portion of their water rights is statutorily recognized under the 1928 Act 
and the Act of 1935, 49 Stat. 887. Water rights have been statutorily recognized 
for 20,242.25 acres, comprised of 8,847 acres of prior and paramount lands, 
11,074.4 acres of newly reclaimed lands, and 320.65 acres of lands purchased by 
the U.S. pursuant to the Pueblo Lands Act of 1924 (43 Stat. 636). The 1928 Act 
also recognizes a prior and paramount right to water for domestic and stock 
purposes. These Acts of Congress do not establish the full extent of the water to 
which these Pueblos are entitled, and references to the Pueblos’ “prior and 
paramount” rights under these Acts are not intended to suggest that the Pueblos 
do not have other water rights in the Upper Rio Grande or tributaries that are 
senior to other water uses in the system. 

Reclamation engages in water operations to serve the water rights of the 
six Pueblos recognized by the 1928 Act and the 1935 Act. Each year over the past 
three decades, Reclamation has stored water in El Vado Reservoir to ensure an 
adequate supply of prior and paramount water for the six Pueblos pursuant to the 
1981 Agreement. The Bureau of Indian Affairs Designated Engineer and 
Reclamation have calculated the quantity of water to be stored at El Vado 
Reservoir for prior and paramount irrigation needs, based on the gap between 
the forecasted demand for the 8,847 acres of lands and the anticipated available 
supply of the river. The Coalition of the six Pueblos has then directed the 
Designated Engineer to request that Reclamation release the stored water 
according to the schedule provided by the Pueblos. This stored water has been, or 
is intended to be, delivered to the Pueblos by the MRGCD through downstream 
diversions. 

A summary of the water stored for the prior and paramount rights and released 
annually since 2002 is provided on Figure 18. During a number of the years in the 
past decade, water was stored for prior and paramount uses during years with 
Article VII storage restrictions in place under the Rio Grande Compact. Unused 
prior and paramount water in El Vado that was stored when Rio Grande Compact 
Article VII restrictions were in place was released for delivery to Elephant Butte 
Reservoir after the irrigation season, usually in November or December. This 
water is shown as released to Elephant Butte Reservoir in Figure 18. Unused prior 
and paramount water stored in El Vado outside of Article VII storage restrictions 
was retagged as native Rio Grande water and is shown in Figure 18 as being 
released to the Rio Grande account. Water shown as released to the MRGCD is 
water released for irrigation beyond the requirements of the prior and paramount 
rights. 
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Figure 18.—Summary of prior and paramount water stored in and released from 
El Vado Reservoir for irrigation of lands. 

III.I.  Middle Rio Grande Conservancy District 
Operations 

Early in the 2000s, an extensive effort was undertaken by the New Mexico 
Interstate Stream Commission, the New Mexico Water Trust Board, Reclamation, 
and the MRGCD to increase the MRGCD’s water management efficiency and 
decrease the MRGCD’s irrigation diversions, especially during water-short 
periods. Progress was made through infrastructure and metering improvements 
and through improvements in irrigation-system operations, such as the 
implementation of rotational water delivery and the development of a decision 
support system to model demand within the network and develop efficient water 
delivery schedules. Figure 19 shows the effects of these improvements. Total 
MRGCD diversions during the 1990s were approximately 600,000 acre-feet; 
but after 2001, typical total MRGCD diversions ranged from 300,000 to 
400,000 acre-feet. 
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Figure 19.—Summary of total water diversions by the MRGCD, 1996–2010. 
 
 
These operational improvements have the effect of leaving more water in the river 
during periods of high native flow on the main stem. They also have the effect of 
extending the irrigation season during dry years by extending the availability of 
stored water in El Vado Reservoir. During dry times, water released from El Vado 
Reservoir for Middle Rio Grande irrigation supports river flows throughout the 
Upper Rio Grande, especially in the Albuquerque Reach. Therefore, extending the 
length of the irrigation season measurably decreases the Supplemental Water 
required to meet Upper Rio Grande ESA flow targets. 
 
Figure 20 breaks down the diversions by MRGCD division. This breakdown 
shows that the largest diversions occur at the Isleta diversion structure for the 
Isleta division of the MRGCD. These diversions at Isleta also support the 
San Acacia division, which receives the tailwater from the Isleta division. 
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Figure 20.—Summary of annual diversions from the Rio Grande to the MRGCD at 
the four Upper Rio Grande diversions structures. 
 
 
These diversions are made primarily during the summer months. The monthly 
average of diversions over the past decade is shown in Figure 21. 

MRGCD return flows are also an important part of the irrigation system and 
river operations. District management of return flows provides regularly wetted 
conditions downstream from the outlets of wasteways. MRGCD return flows can 
strategically release water to key reaches during low flow or drying periods in the 
Albuquerque or Isleta Reaches (the return flows in the San Acacia Reach return to 
the LFCC rather than to the river). 

The following figures, Figure 22 and Figure 23 show the monthly average return 
flows from wasteways in the Albuquerque and Isleta Reaches, which enter the 
river from the left side (left descending bank, which is the right side as you look 
at a map with north at the top) or the right side (right descending bank, which 
is the left side as you look at a map with north at the top). It can be seen on 
these figures that some wasteways release water from drains, which collect 
groundwater that is used both to supplement irrigation supplies and to return 
water to the river. These wasteways have higher discharge rates in the winter and 
lower discharge rates in the summer. Other wasteways discharge water from 
canals that collect tailwater from irrigation. Returns from these wasteways are 
lower in the winter and higher during the irrigation season. 
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Figure 21.—Monthly breakdown of average annual diversions to the MRGCD at the 
four Upper Rio Grande diversion structures, 2001–2011. 
 
 
The first graphs in each set present average wasteway and drain returns for the 
baseline period without 2003. The later graphs in each set present 2003 alone. 
2003 stands out as the year during which the MRGCD most fully applied 
rotational water delivery to the laterals within its system. The difference between 
the graphs showing 2003 releases and those showing average releases during the 
other years highlights the tradeoffs between MRGCD operational efficiency, as is 
apparent in 2003, and the incidental benefits provided by less efficient system 
operation, including wasteway returns that support flows in critical reaches. 

III.J.  Albuquerque Bernalillo County Water Utility 
Authority Drinking Water Project 

The ABCWUA’s primary use of San Juan-Chama Project water is to support its 
Drinking Water Project in Albuquerque. After taking delivery of its San Juan-
Chama Project water from Heron Reservoir, the ABCWUA manages the majority 
(approximately 94 percent) of the 180,000 acre-feet that can be stored at Abiquiu 
Reservoir for this water. 
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Figure 22.—Summary of average district drain and tailwater returns to the 
Rio Grande, by month, 2001–2011, right descending bank. 
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Figure 23.—Summary of average district drain and tailwater returns to the 
Rio Grande, by month, 2001–2011, left descending bank. 
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Legend for Figure 22 and Figure 23 

240WW 340 Feeder Wasteway  LP1DR Lower Peralta Drain Outfall #1 

ALJWW Alejandro Wasteway LP2DR Lower Peralta Drain Outfall #2 

ARSDR Albuquerque Drain Outfall LSJDR Lower San Juan Drain Outfall 

ATRDR Atrisco Drain Outfall PERWW Peralta Wasteway 

BELDR Belen Drain Outfall SABDR Sabinal Drain Outfall 

CENWW Central Avenue Wasteway SANWW Sandia Lakes Wasteway 

CORWW Corrales Wasteay SFRDR San Francisco Drain Outfall 

FD3WW Feeder 3 Wasteway SILWW Sile Main Wasteway 

HAYWW Haynes Wasteway STYWW Storey Wasteway 

LCRDR Lower Corrales Drain Outfall UCRDR Upper Corrales Drain Outfall 

LJYDR La Joya Drain Outfall UN7WW Unit 7 Wasteway 

 
 
In 2004, Reclamation, in concert with ABCWUA, consulted with the FWS 
under ESA, Section 7, on this project (Consultation #2-22-03-F-0146). The FWS 
determined that this action, along with the proponent’s environmental 
commitments and the RPM associated with the consultation, likely would not 
jeopardize the continued existence of the silvery minnow and would not adversely 
modify its designated critical habitat (US Fish & Wildlife Service 2004). 

Until 2008, the City of Albuquerque’s and Bernalillo County’s potable water 
supplies were provided exclusively from groundwater, which was pumped from 
the alluvial and colluvial aquifer filling the Albuquerque basin. The impact on the 
river of this extensive groundwater pumping has been made up to the MRGCD 
and to New Mexico’s delivery of water to Elephant Butte under the Compact 
through annual “letter-water” releases from Albuquerque’s allotment of San Juan-
Chama Project water, as described generally above. Furthermore, the groundwater 
pumping that is foreseen as a component of ABCWUA’s Drinking Water Project 
is covered under the consultation for the Drinking Water Project. 

The now-combined municipal supplier, ABCWUA recently has initiated use of its 
allocation of San Juan-Chama Project water for urban uses and drinking water 
supply through implementation of its Drinking Water Project. Over the past four 
years, ABCWUA has been phasing in the diversion of surface water for municipal 
supply and the diversion of nonpotable water from a collection gallery beneath the 
river. The intent is for ABCWUA to conjunctively use groundwater and surface 
water for its future municipal supply, and for its San Juan-Chama Project 
allocation to make up the majority of the consumed water, which is typically 
about half of the total amount of water pumped or diverted. 
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Figure 24 shows the total drinking water supply to the city and county, the 
total nonpotable supply over the past 10 years, and its distribution between 
groundwater and surface water. It can be seen on this figure that the total potable 
water supply to the city is typically between 100,000 and 110,000 acre-feet per 
year. The figure further shows that use of the San Juan-Chama Project water as 
a portion of that supply began at a testing level in 2008 and increased to over 
40,000 acre-feet per year by 2010. Diversion of San Juan-Chama Project water to 
the nonpotable water system began in 2003 and continued through the decade at 
up to 2,500 acre-feet per year. 
 

 

Figure 24.—Gross municipal supply, including groundwater and surface water 
contributions to the drinking water supply and nonpotable supply, to ABCWUA, 
2001 through 2011. 
 
 
Since the ABCWUA began diverting its San Juan-Chama Project allotment from 
the Rio Grande, release of this San Juan-Chama Project water from upstream 
storage has supplemented river flows on the Rio Chama and the Rio Grande from 
the Rio Chama confluence downstream to the ABCWUA’s diversion structure 
between the Alameda Boulevard and Paseo del Norte crossings in Albuquerque. 
The city’s diversion includes its San Juan-Chama Project water allotment plus an 
approximately equal amount of native water, which is returned to the river 
downstream, at the outflow from the Albuquerque Wastewater Treatment Plant. 
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The total amount of water returned to the river at the Albuquerque Wastewater 
Treatment Plant outfall, 16 river miles downstream, is summarized in Figure 25. 

 

 
Figure 25.—Summary of return flows from the Albuquerque Wastewater Treatment 
Plant, 2001 through 2011. 
 
 
ABCWUA’s diversion of native water along with its San Juan-Chama Project 
water decreases flows in the 16-mile reach from the diversion downstream to the 
wastewater treatment plant return flow. This reach includes the Albuquerque/ 
Central Avenue gage, a key flow target location in the 2003 Biological Opinion 
(U. S. Fish & Wildlife Service, 2003); therefore, operation of the drinking water 
project has the potential to affect how flow targets are met at this gage. For this 
reason, ABCWUA committed, through its ESA consultation, to curtail its 
diversions when native flows in the Rio Grande at the point of diversion drop 
below 195 cfs, and suspend diversions completely when these flows drop below 
130 cfs, or when the flow at the Albuquerque gage (Central Avenue) drops below 
122 cfs. 

ABCWUA also curtails its diversions during high flows, when the turbidity gets 
high. As previously noted, the use of Albuquerque’s supply of San Juan-Chama 
Project water for urban uses and drinking water decreases the supply of water 
available to Reclamation for its Supplemental Water Program. 
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ABCWUA’s obligation to make up for the effects on the river of past 
groundwater pumping continues, even if the majority of the current demand is 
met with surface water. For this reason, ABCWUA must continue to provide a 
portion of its San Juan-Chama Project allotment, or native water for which it has 
rights, to the river for MRGCD use or for delivery to Elephant Butte Reservoir 
under the Rio Grande Compact. 

III.K.   Santa Fe’s Buckman Direct Diversion 

The city and county of Santa Fe use their San Juan-Chama Project allotments 
and native Rio Grande water to support their water supply utilities through the 
Buckman Direct Diversion Project (Buckman Project). The Santa Fe National 
Forest, in concert with the city and county of Santa Fe, consulted with the FWS 
(Consultation #22420-2006-F-0045) on the construction and operation of this 
project. FWS identified reasonable and prudent measures (RPM) that would 
minimize the incidental take resulting from this project and determined that this 
action, along with the proponents’ environmental commitments and the Service’s 
Reasonable and Prudent Measures, likely would not jeopardize the continued 
existence of the silvery minnow and will not adversely modify its designated 
critical habitat (US Fish & Wildlife Service, 2007). 

The city and county of Santa Fe have initiated, under the Buckman Project, direct 
use of their 5,605 acre-feet per year allocation of San Juan-Chama Project and 
native Rio Grande water to supplement their other water supplies. The partners 
have been diverting water to the Buckman Project from the Rio Grande since 
January 2011. Performance and acceptance testing was performed in April 2011, 
and operation was turned over from the design and construction contractor to the 
city, as the current project manager, for full operations in May 2011. 

The project includes a total diversion of 17 cfs, which includes 12 cfs of 
San Juan-Chama Project water, and 4.25 cfs of native Rio Grande water, which is 
returned further downstream. An additional 5 cfs is diverted for mixing purposes 
and is returned to the river directly. The project will curtail diversions of native 
water at times when the native Rio Grande flow at Otowi gage is less than 
325 cfs, and will cut off all diversions of native water if the native Rio Grande 
flow at Otowi gage is less than 200 cfs. Curtailment when Otowi flows are 
between 200 and 325 cfs will be scaled by linear interpolation. Under these 
conditions, the Buckman Diversion can still divert its allocation of San Juan-
Chama Project water. If Abiquiu Reservoir is under flood operations, however, 
the project will not call for release of its San Juan-Chama Project water, but may 
divert native Rio Grande water. 

Consistent with the terms of the Endangered Species Act (ESA) consultation, the 
Buckman Project will curtail diversions of native water at times when the native 
Rio Grande flow at Otowi gage is less than 325 cfs and will cut off all diversions 
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of native water if the native Rio Grande flow at Otowi gage is less than 200 cfs. 
Curtailment when Otowi flows are between 200 and 325 cfs will be scaled by 
linear interpolation. Under these conditions, the project still can divert its 
allocation of San Juan-Chama Project water. When Abiquiu Reservoir is under 
flood operations, the Buckman Project will not call for release of its San Juan-
Chama Project water from upstream reservoirs and instead use either native Rio 
Grande water or exchange and divert San Juan-Chama Project water stored in 
Elephant Butte. Additional environmental commitments associated with the 
construction and operation of this project, which include restoration, maintenance, 
and monitoring of riparian and riverine habitat, are spelled out in the Record of 
Decision for the project (U.S. Forest Service and Bureau of Land Management 
2007). 

III.L.  Bosque del Apache National Wildlife Refuge 
Operations 

The Service manages the Bosque del Apache National Wildlife Refuge (NWR) 
and is operating pursuant to a completed internal ESA consultation (US Fish & 
Wildlife Service, 2001). FWS possesses approximately 10,000 acre-feet per year 
of senior surface water rights to support its irrigation and wildlife (mainly bird) 
management activities in the lower portion of the San Acacia Reach. A portion of 
this water is obtained during the irrigation season from tailwater from the 
MRGCD irrigation network. The majority of the Bosque del Apache NWR’s 
supply is from direct diversions from the LFCC at the north boundary of the 
refuge and at a second point in the middle of the refuge. These diversions can 
decrease the availability of water to Reclamation’s LFCC pumping program. 

Water use for irrigation occurs mainly during the summer months (Figure 26). 
Irrigation on the refuge uses water from both MRGCD tailwater and LFCC 
diversions. The refuge differs from most other water users in the Middle Rio 
Grande Valley in that a significant portion of its diversions occurs in the winter to 
support ponded habitat. The water sources available for these purposes in the 
winter are the refuge’s diversions from the LFCC. 

Figure 26 summarizes the water consumption of the BDANWR, broken down by 
year and by season. The refuge also passes substantial amounts of water through 
its water distribution network that is returned at the south boundary of the refuge. 
This water is not portrayed in these consumption tallies. 
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Figure 26.—Seasonal breakdown of water consumption within the Bosque 
del Apache National Wildlife Refuge. 
 

When water supplies are short, water from the LFCC cannot fully meet the needs 
of both the Bosque del Apache NWR diversion and LFCC pumping under 
Reclamation’s Supplemental Water Program, In its ESA consultation (U.S. Fish 
& Wildlife Service, 2001), the refuge concluded that it could contribute up to 
10 percent of its water supply to support endangered species needs. In a few 
instances during the time period of operations under the 2003 Biological Opinion 
in which such actions would not significantly impair refuge operations and in 
which river conditions were in danger of violation of the flow targets in the 2003 
Biological Opinion, the refuge has decreased its diversions from the LFCC to 
allow more water to be available to Reclamation’s Supplemental Water Program 
to avoid violating the continuous flow requirements of the 2003 Biological 
Opinion (U.S. Fish & Wildlife Service, 2003). 

IV.  Environmental / Ecological 
Considerations 

IV.A.  NEPA 

In compliance with the National Environmental Policy Act (NEPA), 
Reclamation’s Albuquerque Area Office evaluates whether a proposed 
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discretionary Federal action would have a significant impact on the quality of the 
human environment. If the proposed action clearly meets a defined exclusion 
category and does not individually or cumulatively have a significant effect on the 
human environment, a Categorical Exclusion (CEC) would be prepared. The CEC 
is a written checklist to document whether a proposed action meets the criteria for 
being categorically excluded from further NEPA documentation. If not, an 
Environmental Assessment (EA) is prepared. If the analysis in the EA concludes 
the proposed action would not have a significant impact on the quality of the 
human environment, then a Finding of No Significant Impact (FONSI) would be 
prepared. On the other hand, if the analysis in an EA concluded that the proposed 
action might have significant impacts on the human environment, then an 
Environmental Impact Statement (EIS) would be prepared. Upon completion of 
the NEPA compliance process, whether through a CEC, EA, or EIS, Reclamation 
is free to implement the proposed action. 

IV.B.  Endangered Species Act 

The Albuquerque Area Office operates under biological opinions on the Middle 
Rio Grande and Pecos Rivers in New Mexico, including a broad, overarching 
biological opinion on each river, and a multitude of project-specific biological 
opinions (Bureau of Reclamation, 2012). The broad, basin-scale biological 
opinion mandate specific minimum flows by reach and season and have specific 
requirements relative to river drying. Reclamation monitors the response of fish 
populations and riverine and riparian habitat to a range of hydrologic conditions, 
(e.g., flooding, extreme drought, and river drying) because it is critical to its 
ability to manage available water resources in a flexible manner that considers the 
needs of downstream users and the ecosystem. 

Project-specific biological opinions have specific restrictions, including water 
quality considerations that must be met during construction. Each specific project 
under a biological opinion has monitoring requirements that extend for a 
minimum of five years after construction is completed to allow assessment of how 
the ecosystem has changed, improved, or suffered. 

IV.C.  Clean Water Act 

Reclamation complies with the Clean Water Act, Sections 404 and 401, by 
submitting project-specific applications. Section 404 permits are obtained from 
USACE. A Section 401 permit would be obtained from the designated agency 
overseeing the waterbody where the proposed project related work would take 
place, i.e., the State of New Mexico, the Environmental Protection Agency 
(EPA), or an approved pueblo designated with Section 401 certification. Each 
project must implement the permit requirements specifically applicable to the 
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project. Also, each specific project issued a Section 404/401 permits has 
monitoring requirements that extend for a minimum of five years after 
construction is completed to allow assessment of how the ecosystem has changed, 
improved, or suffered. 
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Mission Statements 
 
The U.S. Department of the Interior protects America’s 
natural resources and heritage, honors our cultures and 
tribal communities, and supplies the energy to power our 
future. 
 
The mission of the Bureau of Reclamation is to manage, 
develop, and protect water and related resources in an 
environmentally and economically sound manner in the 
interest of the American public. 
 
The U.S. Army Corps of Engineers Mission is to deliver 
vital public and military engineering services; partnering 
in peace and war to strengthen our Nation’s security, 
energize the economy and reduce risks from disasters. 
 
Sandia Laboratory Climate Security program works to 
understand and prepare the nation for the national security 
implications of climate change. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cover graphic: Atmospheric circulation in the climate system. 
Source: http://serc.carleton.edu/earthlabs/climate/5.html. 

 



 

 

Acronyms and Abbreviations 

°C  degrees Celsius 
°F  degrees Fahrenheit  
AMO  Altantic Multidecadal Oscillation  
AOGCM  atmosphere-ocean general circulation model  
cm  centimeters  
CMIP3 Coupled Model Intercomparison Project Phase 3 
COOP Cooperative Observer Program 
ENSO  El Niño-Southern Oscillation  
HCN  Historical Climatology Network  
HDe  Hybrid Delta-ensemble  
IPCC  Intergovernmental Panel on Climate Change  
NCAR National Center for Atmospheric Research 
NCDC  National Climate Data Center  
NOAA National Oceanic and Atmospheric Administration 
NARCCAP  North American Regional Climate Change Assessment Program 
PDO  Pacific Decadal Oscillation  
PDSI  Palmer Drought Severity Index  
PNA  Pacific North American  
SRES  Special Report on Emissions Scenarios  
SWE  snow water equivalent 
Tmax  maximum high temperature  
Tmin  minimum temperature  
USGCRP  U.S. Global Change Research Program  
VIC  Variable Infiltration Capacity  
WWCRA West-Wide Climate Risk Assessment 
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Literature Review of Observed and 
Projected Climatic Changes  
This appendix provides a brief overview of the climate of the Upper Rio Grande 
basin, including its major features, drivers and sources of variation (this 
discussion is based on Sheppard et al. 2002). The impacts of increasing 
atmospheric greenhouse gases over the coming decades are anticipated to vary 
spatially as the warming is mediated by existing and evolving large-scale patterns 
of atmospheric circulation. The effects of regional and local factors, such as 
continentality (distance from a large water source), relief, and sea surface 
temperature patterns, will be superimposed on global scale changes to 
atmospheric circulation. This is particularly important for the Upper Rio Grande 
basin because it is located on the boundary between the subtropical dry and 
temperate mid-latitude climate zones. This boundary is anticipated to shift 
northward, and with this change, alter the seasonal precipitation patterns in the 
region. 

I.  Overview of the Climate of the Upper 
Rio Grande 

The Upper Rio Grande basin is classified as an arid climate, with average annual 
precipitation in most areas < 15 inches (<38 centimeters [cm]) except in mountain 
regions. Precipitation is bi-seasonal, with the major peak in summer (July to 
September), a secondary peak in winter (November to March), and arid spells in 
spring (April to June) and fall (late September through early November). 

Temperature and precipitation vary by latitude and elevation within the Upper 
Rio Grande (Kunkel et al. 2013b): 

• Southern, lower-elevation areas south of Elephant Butte Dam have 
average annual temperatures of 61 to 65 degrees Fahrenheit (°F) (16 to 
18 degrees Celsius [°C]), and receive less than 15 inches (38 cm) of 
precipitation annually. 

• The Albuquerque portion of the Upper Rio Grande has an annual 
temperature of approximately 51 to 55°F (11 to 13°C) (Figure 1) 
and receives 11 to 15 inches (28 to 38 cm) of precipitation per year 
(Figure 2). 

• In the San Luis Valley of Southern Colorado, the average annual 
temperature is 41 to 45°F (5 to 7°C) and precipitation averages <10 inches 
(25 cm) per year. 
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Figure 1.—Observed annual temperature, averaged over the Rio Grande Basin 
above Elephant Butte. Red line indicates annual time series for the given 
geographic region. Blue line is 25-year moving annual mean (University of Arizona 
et al., 2007). 
 
 
 

 
Figure 2.—Observed annual precipitation, averaged over the Rio Grande Basin 
above Elephant Butte. Red line indicates annual time series for the given 
geographic region. Blue line is 25-year moving annual mean (University of Arizona 
et al., 2007). 
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• In the adjacent San Juan Mountains of southern Colorado, average annual 
temperatures are as cool as 21 to 30°F (-6 to -1°C), with precipitation in 
the wettest areas exceeding 40 inches (100 cm) per year. 

The basic pattern of New Mexico’s climate is driven by its latitude and its 
position in the continental interior. Solar heating of Earth’s surface along the 
equator causes humid air in this region to rise and to drop its moisture as rain in 
a band along the equator. A portion of this risen air moves poleward at high 
altitude, where it cools and eventually descends over the subtropics. As this air 
descends, it warms and its capacity to retain moisture increases, pulling moisture 
out of the environment as the air mass descends.1 The descending dry air returns 
towards the equator. This convection system moving air between the equator 
and the subtropics is known as a “Hadley Cell.” Most of the world’s deserts are 
located at the descending arm of the Hadley Cell, including the Mohave, Sonoran, 
Chihuahuan, Sahara, Thar Deserts, and the deserts of Saudi Arabia in the 
Northern Hemisphere, the Atacama, Kalahari, and central Australian Deserts in 
the Southern Hemisphere. 

The location of the Hadley Cell in the Northern Hemisphere shifts north in the 
summer and south in the winter due to the tilt of the Earth’s axis. During 
summer months, the northern portion of the descending arm of the Hadley Cell 
encompasses northern New Mexico and southern Colorado, allowing hot, dry 
air to settle over the region from March through September. The aridity and heat 
are reduced in late summer/early fall due to the North American Monsoon, in 
which diurnal heating of the land surface pulls humid air in from the Gulf of 
Mexico (sometimes the southeastern Pacific). Heating of this air leads to daily 
convective storms producing intense, localized cloud-bursts. The location of these 
storms is strongly mediated by topography, with higher elevations tending to have 
more reliable monsoonal precipitation than lower, and latitude, with southeastern 
Arizona falling inside the core monsoon region and the Upper Rio Grande falling 
outside. Precipitation during the summer monsoon is characteristically more than 
50 percent of the annual total in most portions of the Upper Rio Grande Basin. 
The North American Monsoon tapers off in fall as diurnal heating is reduced, 
although remnant Tropical Pacific cyclones can bring sustained precipitation to 
the region, especially in September. 

With the onset of winter, the area of maximum heating shifts south of the equator, 
which causes the northern limit of Hadley Cell circulation to shift south of the 
study area and enables the jet stream to push mid-latitude cyclonic storms into the 
region. These storms precipitate rain and snow over wide areas and alternate with 

                                                
     1 As a general rule of thumb, rising air cools and as it cools, the water it contains condenses and 
eventually precipitates out – so areas underneath rising air get rain. Descending air warms, and as 
it warms it can hold more moisture, so it becomes relatively drier. Areas underneath descending 
air do not get rain. 
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high pressure systems that bring dry, sunny weather to the region. However, 
the amount of precipitation from these systems is limited because the Upper 
Rio Grande is located in the interior of North America: it is surrounded by dry 
land and is distant from warm oceans. This limit is exacerbated by the region’s 
location in the rainshadow of the Sierra Nevada mountains: much of the moisture 
coming off of the Pacific is wrung out of storm systems as they cross the Sierras, 
and is only added back in when these storms reach the Plains states and tap into 
humid air masses originating over the Gulf of Mexico. As a result, winter 
precipitation across most of the region is less than summer. 

II.  Variation in Winter Climate 
Winter precipitation varies from year to year, depending primarily on the Pacific 
Ocean sea surface temperature. Areas of the ocean with warm sea surface 
temperatures add a great deal of heat (energy) and moisture to overlying air 
masses, creating larger storms with greater precipitation potential.2 Areas with 
cool sea surface temperatures fail to heat the air much and produce small, weak 
storms with low or no precipitation potential. Ocean temperatures in areas that 
matter for Southwestern climate—eastern Pacific, Gulf of Mexico—vary in 
temperature from year to year, with direct consequences for climate in the Upper 
Rio Grande. 

The most familiar variation in ocean temperature (and in the overlying atmosphere) 
is the El Niño-Southern Oscillation (ENSO) cycle. In a normal (ENSO-neutral) 
year, surface winds push warm equatorial Pacific surface waters to the west, 
creating a pool of warm water near Indonesia and allowing very cold, deep ocean 
water to rise to the surface in the eastern Pacific from northern Peru to Mexico. 
Over the warm pool, heat and moisture are contributed to the air, the warm air rises, 
and heavy precipitation occurs in the western Pacific. At the same time, the air over 
the eastern Pacific is comparatively cool and dry, and therefore the eastern Pacific 
and adjacent regions (such as the Southwest) are relatively cool and dry. 

In an El Niño year, the warm pool “migrates” to the east, leaving Indonesia cooler 
and drier, and shutting off the upwelling of cold ocean water in the eastern 
Pacific. Although most precipitation occurs out to sea, there is a significant 
increase in atmospheric moisture in the eastern Pacific, which brings more winter 
precipitation to the Southwest. Winter 2009-2010 was an El Niño year, which 
brought an increased level of moisture to the Upper Rio Grande Basin. 

                                                
     2 Warmer air can hold more moisture and warmer seas evaporate more moisture, so air masses 
over warm seas become warm and humid (e.g., over the Gulf of Mexico). Cooler seas have less 
heat energy to drive evaporation, so evaporation is less. In addition, cooler sea surfaces also 
contribute less heat to the overlying air. The result is that air masses over cool parts of the ocean 
tend to be cooler and drier.  
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ENSO has a third state known as La Niña. In a La Niña phase, the warm pool 
migrates to the west of its normal position, bringing additional rain to Indonesia 
and Australia while at the same time bringing hyper-dry conditions to the eastern 
Pacific. Winter 2010-2011, which was a La Niña winter, was exceptionally warm 
and arid in the Southwest. 

The frequency of El Niño and La Niña events has increased since the 1970s. 
Before 1970, El Niño and La Niña events occurred in roughly equal frequencies, 
and were separated by several normal (ENSO-neutral) years. Since the late 1970s, 
the frequency of El Niño and La Niña events has increased, El Niño events have 
outnumbered La Niña events by 2:1, the number of “normal” years separating the 
two have decreased, and El Niño events have increased in strength. The reasons 
for these changes are poorly understood. They may relate to other large-scale 
climate phenomena, including long-cycle changes in sea surface temperatures in 
the north Pacific3 which operate on multi-decadal (50 to 80 year) cycles, and 
which can serve to amplify or dampen the different phases of the ENSO cycle. 
Since the 1970s, Central Pacific El Niño events have become more common, in 
which the warm pool occurs in the central rather than eastern Pacific. During 
Central Pacific El Niño events, precipitation in the U.S. is reduced relative to 
Eastern Pacific El Niño events, leading to winter precipitation in the Upper Rio 
Grande that is at or only slightly above normal (Jin-Yi and Yuhao 2013). Since 
1990, five of the last seven El Niño events have been Central Pacific El Niño 
events. 

ENSO effects on precipitation in the Southwest are primarily a winter 
phenomenon, and summers are usually characterized by ENSO-neutral or 
transition states. National Oceanic and Atmospheric Administration (NOAA) 
maintains a regularly updated discussion of current ENSO status, near-term 
(about 6 months) ENSO projections, and implications for how changes in ENSO 
will affect temperature and precipitation across North America (National Weather 
Service (NWS) 2011).4 

The strength of El Niño and La Niña are also affected by the interplay of long- and 
short-term climate cycles. Long-term wet and dry cycles in the Southwest are 
controlled primarily by Pacific sea surface temperatures (SST), particularly the 
multi-decadal Pacific Decadal Oscillation (PDO), and Atlantic sea surface 
temperatures via the Altantic Multidecadal Oscillation (AMO). The phase of the 
PDO in particular acts to amplify and dampen portions of the ENSO cycle. The 
negative (cool) phase of the PDO enhances La Niña effects and dampens the 

                                                
     3 These cycles are known as the Pacific Decadal Oscillation (PDO). ENSO cycles are also 
affected by multi-decadal, cyclical sea surface changes in the Atlantic (Atlantic Decadal 
Oscillation and others). All of these long-term climate cycles, and the effects of their interactions, 
are still poorly understood. 
     4 This discussion can be found at NOAA’s National Weather Service Climate Prediction Center, 
online at <http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/enso_advisory/>. 

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/enso_advisory/
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increase in precipitation during El Niño events, while the reverse is true under 
during positive PDO cycles. The PDO has been in a negative phase since May 2010 
(Mantua 2013). Historically, the driest periods in the Southwest were associated 
with cool Pacific sea surface temperatures (negative PDO) and warm Atlantic sea 
surface temperatures (positive AMO) (McCabe et al. 2004). 

III.  Variation in Summer Climate 
The North American Monsoon is driven by daytime heating of the land surface 
that, in turn, warms the lower atmosphere leading to atmospheric convection. The 
rising air cools and, if moisture is present, can lead to precipitation. The monsoon 
is initiated in mid-summer when surface heating is strong enough over a large 
enough area to draw in moisture from the Gulf of Mexico and, secondarily, the 
eastern Pacific/ Gulf of California. The monsoon onset is time-transgressive, 
beginning mid-June in areas in the southern part of the Southwest and in mid-July 
in areas in the north. 

Monsoon strength increases with elevation, in direct proportion to the amount of 
increase in daytime air mass rise. All things being equal, higher elevation areas 
will receive greater—and more consistent—monsoonal precipitation, with many 
high mountain areas experiencing daily downpours. Lower elevation areas will 
tend to see less midday precipitation but more evening precipitation, and there 
will be greater day-to-day and place-to-place variation in precipitation. 

The strength of the monsoon varies greatly from year to year for reasons that are 
not well understood. The strength of the monsoon appears to depend on: 

• How hot the Southwest gets (i.e., how much heat is available to drive air 
convection) 

• How warm the sea surface temperatures are the eastern Pacific and Gulf of 
Mexico, which serve as the principal sources for moist air and therefore 
determine the amount of moisture in air masses being pulled into the 
Southwest 

• How active the cyclone/hurricane season is in the eastern Pacific and Gulf 
of Mexico, which can push tremendous amounts of moisture into the 
Southwest during the late summer and early fall. 

Monsoon strength is also affected by sea surface temperatures at the hemispheric 
scale that govern large-scale movements of air masses at different latitudes. The 
specific controls on interannual variations in monsoon strength are not well 
understood. 
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Monsoon precipitation is typically intense but localized, and rarely has a uniform 
effect across a large drainage basin area, such as the Upper Rio Grande Basin. 
However, precipitation can be more widespread if the monsoon is able to tap 
moisture from a tropical cyclone in the moisture source regions. 

IV.  Literature Review: Observed and 
Projected Temperature Change 

Recent overviews of climate change in the Southwestern United States have been 
provided in Garfin (2013), U.S. Global Change Research Program (USGCRP) 
(2013), and NOAA (2013a). Important syntheses of climate change impacts to 
New Mexico and Colorado include New Mexico Office of the State Engineer 
(2006) and Ray et al. (2008). 

IV.A.  Global, National, and Western U.S. Temperature 
Trends 

Temperatures in the Intermountain West have shown a relatively steady rise 
beginning in the early 20th century. The rise stalled during the middle part of the 
century during the post-war economic boom as increasing atmospheric pollution 
reduced the amount of sunlight entering the lower atmosphere, and then continued 
to rise following implementation of laws regulating environmental and 
atmospheric pollution. 

Globally, 2010 was tied with 2005 as the warmest year on record, continuing a 
trend of 34 consecutive years during which average global surface temperatures 
remained above the 20th century average. The 2010 global land surface 
temperature average was 1.7°F (0.96°C) above the 20th century mean (NOAA 
2011a). The first 10 years of this century constitute 10 of the 11 warmest years in 
the historical record, and may be warmer than it has been for millennia. In this 
decade, there were four wet El Niño cycles and three dry La Niña cycles (NOAA 
2011b). 

Warming has continued, with 2012 constituting the warmest year on record for 
the contiguous United States (National Climate Data Center [NCDC] 2013). The 
average temperature was 55.3°F (12.9°C), which was 3.2°F (1.8°C) above the 
20th century average (NCDC 2013). 

The consensus view is that recent increases in temperature in the Western U.S. 
exceed observations in the historic record beginning in the late 19th century 
(USGCRP 2009). In the mountainous West, average annual temperatures for 2001 
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through 2009 were 1.4°F (0.8°C) higher relative to the average for 1895 through 
2000 (MacDonald 2010). Temperature increases were greater in areas to the south 
and at lower elevation. 

Particularly troubling have been increases in winter (January, February, and 
March) temperatures throughout the mountainous West. The observational record 
of 1950 through 1999 shows an increase in maximum average winter 
temperatures of 2.8°F (1.53°C) and an increase in minimum average winter 
temperatures of 3°F (1.72°C) (Bonfils et al. 2008). Rising winter temperatures 
have contributed to a contraction of 8 days in the number of days below freezing, 
and a corresponding lengthening of the frost-free period. Detection and attribution 
modeling studies indicate that these patterns cannot be replicated in models of 
natural climate forcing (i.e., models that exclude human greenhouse gas emissions 
but include the effects of ENSO, Pacific Decadal Oscillation, solar variation, and 
changes in volcanic aerosol concentrations), but these patterns are robustly 
replicated in models that also include human greenhouse gas emissions (Bonfils 
et al. 2008). 

IV.B.  Southwestern U.S. and Upper Rio Grande 
Temperature Trends 

In the Southwestern U.S. as a whole, encompassing New Mexico, Colorado, 
Arizona, Utah, Nevada, and California, the decade 2001 through 2010 was the 
warmest of all decades from 1901 through 2010, with temperatures increasing by 
approximately 1.6 ± 0.5°F (0.9 ± 0.3°C) over the period 1901 through 2010 
(Hoerling et al. 2013). Rising temperatures increased the frequency of heat waves, 
reduced the frequency of cold waves, and contributed to the expansion of the 
growing season by 17 days (7%) during 2001 through 2010 compared to the 
average season length for the 20th century. The period since 1950 in the 
Southwest has been warmer than any comparable period in at least 600 years, 
according to paleoclimate records (Hoerling et al. 2013). 

At the regional level, several recent studies have examined trends in temperature. 
Tebaldi and colleagues (2012) use low elevation National Weather Service 
Cooperative Observer Program (COOP) station data and corrected climate data 
from the NOAA Historical Climatology Network (HCN) to estimate that average 
annual temperatures in Colorado rose at a rate of 0.225°F (0.13°C) per decade over 
the period 1912 to 2011, but rose at the faster rate of 0.483°F (0.27°C) per decade 
since 1970. The same study shows New Mexico warmed at an average rate of 
0.219°F (0.10°C) per decade from 1912 to 2011 but at the faster rate of 0.678°F 
(0.34°C) per decade since 1970. The same pattern of faster recent warming was 
also observed in annual average daytime maximum high temperature (Tmax) and 
annual average nighttime minimum temperature (Tmin). In Upper Rio Grande, the 
increase in average annual temperatures from 2001 through 2009 was 1.5 to  
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2 standard deviations above the 20th century average in the Upper Rio Grande 
valley in New Mexico, and between 1 and 1.5 standard deviations above in the 
Colorado portion of the Upper Rio Grande (see Figure 1, MacDonald 2010). 

Enquist and Gori (2008) examine temperature trends as part of a study of changes 
in habitat and species vulnerability in wilderness areas under a warming climate. 
They find that over the period 1970 through 2006, the average rate of temperature 
increase in wilderness areas in Northern New Mexico was 0.684°F/decade 
(0.36°C /decade), with Tmin increasing on average at a rate of 0.684 °F /decade 
(0.38°C /decade), approximately 0.072°F /decade faster (0.04°C/decade) than 
Tmax. 

In the Upper Rio Grande Basin, a comparison of average monthly temperatures 
over the 1995 through 2004 period with average monthly temperatures for the 
period 1961through 2000 (Figure 3) showed increases of 3 to 4°F (1.5 to 2.5°C) 
in winter, with increases in the April through November period less than 
approximately 2.0 F (1.1°C) in all months but May (Saunders and Maxwell 2005). 

Figure 3.—Average monthly temperature change in the Upper Rio Grande Basin, 
showing that warming is greatest in the winter months. 
(Source: Saunders and Maxwell 2005). 
 

Elevation plays an important role in determining the season of greatest warming 
in the mountains: 

• Higher elevation sites experienced their greatest warming during the 
summer months, with temperatures increasing at a rate of 1.5°C (2.7°F) 
per decade during this season. Rates of warming in high elevation areas 
may be considerably greater than the regional average. In a recent analysis 
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of National Weather Service and SNOTEL site data in the San Juan 
Mountains, Rangwala and Miller (2010) detected a rate of warming 
of1.8°F (1°C) per decade from 1990 to 2005. Summer maximum 
temperatures rose faster than summer minimum temperatures at higher 
elevations. 

• Lower elevation sites experienced greatest warming during the winter 
months, warming in winter at an average rate of 2.7°F (1.5°C) per decade. 
The differences in the season of greatest warming are due to the cooling 
effects on air temperatures of snow on the ground. Increases in winter 
minimum temperatures increased faster than winter maximum 
temperatures at lower elevations, while summer maximum temperatures 
rose faster than summer minimum temperatures at higher elevations. 

In a longitudinal analysis of annual temperatures in the San Luis Valley, 
Colorado, average annual temperatures were found to have increased by  
1.9°F (1.1°C) over the period 1957 through 2006 (Ray et al. 2008). A 
“breakpoint” in the year 1994 was identified in the COOP data for sites in the 
San Luis Valley, and the increase in the mean growing season temperature for the 
period 1994 through 2008 was 1.7 to 3.53°F (0.4 to 1.96°C) greater than the mean 
for the period 1958 through 1993 (Mix et al. 2012). 

IV.C.  Climate Model Temperature Projections 

Climate model projections of temperature and precipitation consist of three 
components: 

• A coarse-resolution global model of atmospheric and ocean circulation 
(atmosphere-ocean general circulation model [AOGCM]). 

• Estimates of future concentrations of greenhouse gases in the atmosphere, 
typically provided by Intergovernmental Panel on Climate Change (IPCC) 
Special Report on Emissions Scenarios (SRES) models of different 
combinations of economic, demographic, and technological development, 
as well as estimates of future globalization, primarily consisting of the  
A2 (high emissions), A1B (moderate emissions) and B1 (low emissions) 
scenarios (IPCC 2000). Since the atmosphere is well-mixed, these 
represent global values and not regional values. These estimates are key to 
determining the rate and magnitude of climate change modeled using the 
AOGCMs. 

• Statistical or dynamical downscaling of the AOGCM model outputs to 
produce estimates of climate change at the regional scale and to serve as 
inputs into regional hydrologic models to estimate changes in streamflow 
and other parameters. 
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IV.C.1.  Climate Model Projections for the Southwestern U.S. 

Model projections indicate that surface temperatures in the Southwest will warm 
substantially over the 21st century (highly likely), and warming is likely to be 
higher in summer and fall than in winter and spring (Cayan et al. 2013). This 
contrasts with warming to date, which has been greatest in winter months 
(e.g., Saunders and Maxwell 2005). For the Southwest as a whole, compared to 
the period 1971 through 2000, models used in the most recent national climate 
assessment (USGCRP 2013) project (Cayan et al. 2013): 

• For the 2021 through 2050 period, warming under the low future 
emissions model scenario (known as B1) will be between 1 to 3°F  
(0.6 to 1.7°C) while under the higher future emissions model scenario 
(known as A2) warming is likely to be between 2 to 4°F (1.1 to 2.2°C). 

• For the period 2041 through 2070, warming under the B1 scenario is 
likely to range from 1 to 4°F (0.6 to 3.3°C) and under the A2 scenario 
from 2 to 6°F (2.2 to 3.3°C). 

• For the period 2071 through 2099, warming under the B1 scenario is 
likely to range from 2 to 6°F (2.2 to 3.3°C) while under the A2 scenario, 
the projections are 5 to 9°F (2.8 to 5°C). 

• Warming is likely to be higher inland and to increase from south to north. 

Seasonal differences in warming are likely, although the high variation among 
models reduces confidence in specific results (Cayan et al. 2013):  

• Increases in summer temperatures are likely to be greater than for other 
seasons, with mean increases across modeled scenarios around: 

o 3.5°F (1.9°C) in 2021 through 2050  

o 5.5°F (3.1°C) in 2041 through 2070  

o 9°F (5°C) 2071 through 2099 

• The least amount of warming is anticipated for the winter months, with 
average increase of 2.5°F (1.4°C) in 2021 through 2050, increasing to 
almost 7°F (3.9°C) in 2071 through 2099. 

IV.C.2.  Climate Model Temperature Projections for the Upper 
Rio Grande Basin 

NOAA recently conducted a relatively fine-grained analysis in support of the 
National Climate Assessment (NOAA 2013a), using downscaled Coupled Model 
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Intercomparison Project 3 (CMIP3) models and the more recent North American 
Regional Climate Change Assessment Program (NARCCAP) models. In maps 
of average annual temperature change using the CMIP3 multi-model mean 
simulations, the Upper Rio Grande region warms by 7.5 to 8.5°F (4.1 to 4.9°C) by 
2070 through 2099 under the higher emissions (A2) scenario, and by 4.5 to 5.5°F 
(2.5 to 3.1°C) by 2071 through 2099 under the lower emissions (B1) scenario 
(Figure 14, NOAA 2013a). These changes are considered significant. 

For the NARCCAP simulations using the A2 (high emissions) scenario for the 
period 2041 through 2070, compared to a baseline period of 1971 through 2000, 
temperature increases by season show that the largest increases are likely to occur 
in summer, with increases of 5.5 to 6.0°F (3.1 to 3.3°C) in average temperature 
in the Upper Rio Grande Basin, followed by fall, with increases in average 
temperature in the range of 5.0 to 5.5°F (2.8 to 3.1°C). In winter and spring, the 
Upper Rio Grande Basin is likely to see increases in average temperature of 4.0 to 
4.5°F (2.2 to 2.5°C) (Figure 15, NOAA 2013a). There is model agreement on the 
direction and magnitude of these changes. 

In addition to changes in average annual and seasonal temperatures, models 
project changes in other temperature-related variables. The number of days with 
maximum daytime temperatures greater than 95°F is expected to increase by 
about 5 days in the northern part of the Upper Rio Grande Basin grading to about 
15 to 20 days in the southern portions. There is strong model agreement for 
changes in the southern portion of the region but not in the northern. Conversely, 
the number of days with temperatures below freezing is expected to decline by 
approximately 25 to 30 days throughout most of the Upper Rio Grande Basin, and 
as high as 30 to 35 days in the Colorado portions of the Upper Rio Grande Basin. 
The freeze free season will increase by 25 to 30 days throughout the Upper Rio 
Grande Basin (Figures 18, 20, and 22; NOAA 2013a).  

Additional projections of temperature change come from studies focusing 
specifically on New Mexico (New Mexico Office of the State Engineer 2006) and 
Colorado (Ray et al. 2008 and Nydick et al. 2012): 

• Projected changes to New Mexico temperatures based on the SRES A1B 
scenario were modeled using an ensemble of 18 global climate models 
downscaled to finer resolution. The models suggest significant increases in 
temperature by 2100. Statewide, average annual temperatures are 
projected to rise more than 5°F (3°C) over the average from 1971 through 
2000. This is a change greater than that observed in the instrumental 
record. Increases in summer temperature are projected to be greater 
(Gutzler et al. 2006).  
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• For Colorado as a whole, an increase in annual temperature of 1.5 to 3.5°F 
(0.8 to 2.0°C) by 2025 relative to 1950 through 1999 average temperatures 
is expected, with increases of 2.5 to 5.5°F (1.4 to 3.1°C) expected by 2050 
(Ray et al. 2008). Summer temperatures are anticipated to increase faster 
than winter temperatures. 

For the San Juan Mountains, modeling has been undertaken by Rangwala and 
colleagues (Cozzetto et al. 2011) using a series of downscaled models driven by 
the A2 (high emissions) scenario. They compared the average temperatures and 
precipitation for the baseline period of 1971 to 2000 against the model reference 
period of 2041 to 2070. In summer, fall and winter, daytime high temperatures 
were expected to increase faster than nighttime low temperatures, but the pattern 
is reversed in the spring. 

 
Table 1.—Model Projections for San Juan Mountain Climate Change, 
Average for 2041 to 2070 Compared to 1971 to 2000, Median Values of 
Model Runs (Cozzetto et al. 2011) 

 
Change in 

Tmax  
(°C) 

Change in 
Tmin  
(°C) 

Change in 
Precipitation 

(%) 

Change in 
Precipitation 

(cm) 

Winter 2.5 3.2 4.0 0.5 

Spring 2.8 2.5 -5.0 -1.0 

Summer 3.7 3.1 -17.0 -2.3 

Fall 3.2 2.7 -9.0 -1.3 
 

In a 2007 study, Hurd and Coonrod (2007) use three global climate models driven 
by the A1B “business as usual” SRES scenario to model hydrology and stream 
flow changes for the periods 2020 through 2039 and 2071 2070 through 2089. 
The three models are chosen because one represents a slightly “wetter” projection, 
one a slightly “drier” projection and one a “middle of the road precipitation” 
projection.  

In their models, average annual temperatures increased by 1.7 to 3.2°F (0.95 to 
1.76°C ) by 2030 (Figure 4) and 5.5 to 7.9°F (3.06 to 4.40°C) by 2080 (Figure 5). 
Temperature increases are projected to be greatest in summer under the dry 
scenario, presumably reflecting changes in summer cloudiness resulting from a 
reduced monsoon (under the dry scenario, precipitation declines steeply in the 
summer months). 
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Figure 4.—Three scenarios for temperature change projected for the Rio Grande 
basin in 2020 through 2039 (source: Hurd and Coonrod 2007). 
 

 

Figure 5.—Three scenarios for temperature change projected for the Rio Grande 
basin in 2070 through 2089 (source: Hurd and Coonrod 2007). 
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Climate change in the Upper Rio Grande Basin was modeled by Reclamation 
(2011a and c) using the Hybrid Delta-ensemble (HDe) approach (Brekke et al. 
2010) employing output from 16 models from the CMIP3 multi-model dataset. 
The outputs are average monthly precipitation and surface air temperature 
generated from a suite of 16 CMIP3 models forced by three IPCC SRES scenarios 
for future greenhouse gas emissions. The scenarios chosen are the A2 (high 
emissions), A1B (business-as-usual emissions) and B1 (low emissions) scenarios. 
The baseline period is the 1990s. The spatial resolution of the model is 1/8° 
(about 12 x 12 kilometers). 

The basin-average mean-annual temperature is projected to increase by 
approximately 5 to 6°F (1.8 to 3.3°C) during the 21st century (Reclamation 2011a) 
relative to the 1990s. Temperature changes are anticipated to be uniform over the 
basin and to increase steadily through time. 

IV.D.  Summary of Projected Temperature Changes 

By the end of the century, temperatures in the Upper Rio Grande are anticipated 
to increase by about 9°F (5°C) over 20th century values under high emissions 
scenarios, and by close to 5.4°F (3°C ) under the B1 (low emissions) scenario. 
There is consensus that temperature increases will be greater in summer and fall. 
In mountain areas, overnight temperatures (Tmin) are likely to rise faster than 
daytime high temperatures (Tmax). Changes in precipitation are likely to affect 
net warming across the year because evaporation and condensation processes 
consume energy that would otherwise go to land surface heating, and also 
indirectly affect warming through the density and composition of vegetation 
cover and the persistence of snow cover. By the 20th century’s end, temperature 
increases are anticipated to expand the freeze-free (growing) season by 25 to 
30 days; to cause more frequent, longer heat waves (>95°F); and to cause less 
frequent, shorter cold spells (<0°F). 

V.  Literature Review: Observed and 
Projected Changes to Precipitation 

V.A.  Recent Precipitation Trends 

Warming-driven changes to global atmospheric circulation will affect when, 
where, and by how much precipitation will change. These changes will be 
superimposed on already highly-variable precipitation patterns resulting from the 
interplay of long- and short-term climate cycles. Long-term wet and dry cycles 
in the Southwest are controlled primarily by Pacific sea surface temperatures 
particularly the multi-decadal PDO. Atlantic Ocean sea surface temperatures are 
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also important. The driest phases in the Southwest are associated with cool 
Pacific sea surface temperatures (negative PDO) and warm Atlantic sea surface 
temperatures (positive AMO) (McCabe et al. 2004). Interannual (i.e., time scales 
of 1 to less than 10 years) variation in winter precipitation is controlled by the 
ENSO cycle, with either El Niño or La Niña amplified, depending on the state of 
the PDO. Because of the high variability in precipitation in the Southwest at 
multiple scales, detecting changes in precipitation has been more challenging than 
detecting changes in temperature. 

V.A.1.  National Precipitation Trends 

At the national scale, precipitation has increased by 5 percent over the past 
50 years, driven by increased evaporation from warmer ocean surfaces putting 
more moisture into warmer air that, in turn, enables bigger storms with more 
precipitation to form. Most of the precipitation gain has been in the Northeastern 
U.S. from the eastern Dakotas to the Atlantic Ocean, with decreases in the 
Southeast. New Mexico overall had a slight increase in November to March 
precipitation over the period 1950 through 1999 (Mote et al. 2005). Attribution 
studies have so far concluded that precipitation trends in the region currently 
cannot be attributed solely (or directly) to anthropogenic causes, because the 
magnitude of the trend so far is swamped by the magnitude of variation due to 
long-term and short-term shifts in Pacific and Atlantic sea surface temperatures 
(Dominguez et al. 2010). 

V.A.2.  Southwestern U.S. and Upper Rio Grande Precipitation 
Trends 

In the Southwest during the 20th century: 

• 1905 through 1930 had wetter winters than average. 

• 1931 through 1941 was approximately average. 

• 1942 through 1964 was drier than average, with peak dryness occurring 
during the drought from 1950 through1956 when average annual 
precipitation remained below the long term average (Swetnam and 
Betancourt 1998, Sheppard et al. 2002, and Gutzler 2003). 

• Average years from 1965 through 1975 were followed by the period from 
1976 through 1997/1998 when warm, wet winters and erratic summer 
precipitation were the norm (Swetnam and Betancourt 1998, Sheppard 
et al. 2002, and Gutzler 2003). 
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• These conditions gave way by 1999/2000 to conditions that were warmer 
and drier than at any period in the 20th century or the preceding 1,200 and 
more years (MacDonald et al. 2008 and Woodhouse et al. 2010). 

Since 2001, large portions of the Southwest have experienced drought, with 
particularly widespread and severe drying in 2002, 2003, 2007, 2009, 2011 and 
2012. During these extremes, precipitation across the region averaged 22 to 25% 
below the average for the 20th century (MacDonald 2010), leading to a significant 
reduction in soil moisture and stream flow. For instance, at Lee’s Ferry on the 
Colorado River, annual flow in the early 20th century was approximately  
17.0 million acre feet, but averaged only 11.2 million acre feet for 2001 through 
2006, and for 2002 alone, flow declined to approximately 6.2 million acre feet 
(Reclamation 2011b). 

Changes in PDO and AMO correspond to the major dry and wet periods (McCabe 
et al. 2004): 

• From 1944 through 1963, combination of a negative PDO and positive 
AMO were major contributors to Southwestern drought. 

• From 1964 through 1976, negative PDO and negative AMO contributed to 
average precipitation conditions 

• From 1977 through 1994, the combination of positive PDO and negative 
AMO contributed to wetter-than-average precipitation. 

• Since 2000, PDO has been primarily negative (Mantua 2013) and AMO 
has been strongly positive (National Center for Atmospheric Research 
[NCAR] 2012), contributing to the reemergence of drought across the 
Southwest.  

• The decade 2001 through 2010 has had the second-largest area affected by 
drought (after the period 1951 through 1960) and the most severe average 
drought conditions of any decade since 1901 (Hoerling et al. 2013). This 
drought is ongoing (National Drought Mitigation Center 2013). No trends 
have been observed in annual water year precipitation from 1895/96 
through 2010/11 for the six-state Southwest (NOAA 2013a). Seasonal 
time series show no trends for winter or spring and summer, and fall 
shows a slight upward, but not statistically-significant, trend. 

For wilderness areas in northern New Mexico, Enquist and Gori (2008) found 
precipitation changes were highly variable with respect to direction: a 4.5 percent 
change in mean annual precipitation for 1991 through 2005 compared to the mean 
for 1961 through 1990 was observed across sites in the Upper Rio Grande Basin  
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in northern New Mexico. However, for the same sites, comparing the mean for 
2000 to 2005 against the mean for the period 1961 through 1990 showed a 
7.56 percent decrease. 

In all parts of Colorado, including the northern portion of the Upper Rio Grande 
Basin, no consistent long-term trend in annual precipitation have been detected 
(Ray et al. 2008). High variability in precipitation makes detection of trends 
difficult. 

In addition, there has been no overall trend in the frequency of extreme 
precipitation events across the Southwest (NOAA 2013a). Throughout the 
20th century and into the early 21st century, the number of 1-day-duration and 
5-year return interval precipitation events fluctuated but remained within the 
range of early 20th century values. 

V.B.  Model Projections of Late 21st Century 
Precipitation 

V.B.1.  Projected Changes in Precipitation for the 
Southwestern U.S. 

Climate models are highly confident that the Southwest will become drier. 
“Highly confident” means that most models agree that drying will occur, even if 
there is disagreement about the magnitude of drying and the amount of change in 
precipitation. Drying will be driven by increased evaporation due to warmer 
temperatures, and by changes in the factors discussed in detail below. 

Predictions of precipitation levels have much greater uncertainty than for 
temperature because there are great uncertainties with respect to how warming 
might impact ENSO and multi-decadal ocean oscillations in the Pacific, Atlantic, 
and Arctic Oceans. Small changes in one place can be amplified by changes 
elsewhere in ways that are poorly understood for current systems. The North 
American Monsoon and cloud cover in general are also poorly handled in most 
models. 

The general rule of thumb is that warming will intensify precipitation patterns: 
wet areas, such as the northeastern U.S., will get wetter and dry areas, such as 
northern Mexico and southern Arizona, will get drier (USGCRP 2009 and 2013). 
But what will happen in areas lying on the current boundary between subtropical 
and mid-latitude climates, such as New Mexico, west Texas, Oklahoma and 
Kansas, is harder to project because these changes depend on estimates of how 
far north the storm tracks may be displaced by the poleward expansion of the  
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subtropical dry zone (Lu et al. 2007), and how far north the monsoon may 
penetrate. Model projections range from essentially no change in precipitation to 
reductions of about 10 percent (Barnett and Pierce 2009). 

Researchers at the U.S. Global Change Research Program (2009 and 2013) 
project a 10 to 20 percent decline in precipitation by 2080 through 2090, primarily 
in the winter and spring. This decline results from the northward (poleward) shift 
of midlatitude winter storm tracks bringing the Southwest into the subtropics 
year-round. Land and ocean warming should bring more moisture into 
New Mexico during the summer months, providing stronger monsoons, but this 
is only projected by some models. Modeling by Dominguez and colleagues 
(2010) suggests that the distribution of drying will be uneven across the 
Southwest: the southern part of the Southwest will become drier, and the 
northern part slightly wetter, but the modeled trends were not significant. 

Model projections show that precipitation would continue to be highly variable in 
time and place and that the region would still be vulnerable to unusually wet and 
dry spells (Cayan et al. 2013). Overall, model simulations used in the most recent 
National Climate Assessment show changes in precipitation that range from 
-13% to +10% across all model runs (Cayan et al. 2013). Confidence in model 
projections is medium-low, reflecting the variation in the magnitude and direction 
of projected changes. 

A key change projected by models is that precipitation will become concentrated 
in a smaller number of larger-magnitude precipitation events. This is borne up by 
data that show that the frequency and intensity of heavy downpours in the U.S. 
has increased, with the share of total precipitation falling in major storm events 
increasing by nearly 20 percent. This pattern has also been observed in the 
Southwest. From 1958 to 2007, there was a 9 percent increase in the amount of 
rainfall falling in very heavy precipitation events across the Southwest, the lowest 
rate of increase in the country (the Northeast has seen a 67 percent increase and 
the Midwest a 31 percent increase over this same timeframe). Climate models 
project that the share of precipitation falling in heavy rainfall events will continue 
to increase, while a decreasing share will fall during low-intensity events 
(USGCRP 2009). 

V.B.2.  Projected Precipitation Changes in the Upper Rio Grande 

In the Upper Rio Grande Basin, projected changes to precipitation have no greater 
certainty than the projections for the Southwest as a whole: 

• Global climate models driven by the A2 (high emissions) scenario project 
an annual precipitation decrease in New Mexico by 2100 of 4.8 percent 
(29.3 mm), driven mainly by decreases in winter precipitation, but offset 
slightly by gains in summer precipitation (Gutzler et al. 2006). In the 
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San Juan Mountains, small gains in winter precipitation are more than 
offset by declines in precipitation over the remainder of the year (Cozzetto 
et al. 2011). 

• As elsewhere in the West, winter precipitation is expected to increasingly 
fall as rain rather than snow as warming delays the onset of freezing and 
advances the start of the growing season (Gutzler et al. 2006). This is 
expected to be particularly pronounced in the Southwestern states because 
winter temperatures are already not far below freezing in many areas 
(Gutzler et al. 2006). Models are split between those showing declines in 
winter precipitation and those showing small increases. However, 
temperature-driven increases in evaporation are expected to exceed any 
increases in precipitation, driving a negative shift in the overall water 
balance (Nash and Gleick 1993). 

• Models showing reductions in winter precipitation show that the 
mechanism for this is likely to be the northward migration of the winter 
storm track, particularly in the late winter/early spring. This shift may 
already be underway, as the data show that the late winter/early spring 
storm track in the Western states has moved north of the long-term 
average between 1978 and 1998, contributing to declines in late winter 
precipitation in New Mexico (McAfee and Russell 2008). Some models 
suggest changes in ENSO cycles may also drive declines in winter 
precipitation. However, there is no model agreement on projected changes 
to ENSO cycles (Vecchi and Wittenberg 2010). 

Reclamation’s modeling for the Upper Rio Grande Basin suggests a gradual 
decline in precipitation over the basin over the 21st century (Reclamation 2011a). 
Rainfall events are anticipated to become more frequent over the course of the 
year while snowfall events are projected to become less frequent, reflecting 
expansion of the freeze-free season and warmer overall winter temperatures. 

A recent study projects an increase in the size of the probable maximum 
precipitation event for most of the world using AOGCMs driven by the largest 
and smallest future greenhouse gas emissions scenarios (Kunkel et al. 2013a). 
Maximum daily precipitation in the mapped area corresponding to the Upper 
Rio Grande, under the maximum emissions scenario, sees an increase of 10 to 
30 percent in the maximum daily precipitation value in 2071 through 2100, 
compared to the period 1971 through 2000 (remembering that the 1980s and 
1990s were historically the wettest on record in the Southwest). Some of this 
increase may be mitigated by topographic effects. The increase was halved 
under the moderate emissions scenario used). The increased storm intensity 
is anticipated to occur mainly in July/August in the Southwestern U.S. 



Literature Review of Observed and Projected Climate Changes 
West-Wide Climate Risk Assessment: Upper Rio Grande Impact Assessment 

 
 

 
 
Reclamation, USACE, and B-21 
Sandia National Laboratories 

Climatologically, this would seem to indicate more intense, localized monsoon 
storm events (e.g., bigger flash floods) and not increased spring runoff flood 
events. The driving force in this increase in storm intensity is increased global 
atmospheric moisture content. 

V.B.3.  Projected Changes in Winter Precipitation Due to Expansion 
of the Subtropical Dry Zone and Changes to the Jet Stream 

Changes in the location of the jet stream, driven by expansion of the tropics and 
warming of the Arctic, are expected to contribute to increasingly arid conditions 
in the Southwestern U.S., primarily through reductions in winter precipitation. 
The Southwestern U.S. is located on the boundary between the arid subtropics 
(the poleward portion of the tropics), and the more temperate mid-latitudes whose 
weather systems are dominated by large-scale cyclonic systems. Seasonal changes 
in atmospheric circulation bring the Southwestern U.S. more deeply into the 
subtropics in summer, when precipitation is mainly due to local convection 
(monsoon). In winter, the poleward boundary of the subtropics in the Northern 
Hemisphere shifts towards the equator, allowing the jet stream to move over the 
northern Southwestern U.S. and permitting mid-latitude storm systems to cross 
the region. Thus, winter precipitation in the region is very sensitive to the location 
of the boundary between the subtropics and mid-latitudes. 

Climate models project the expansion of the subtropical belt leading to 
predictable decreases in winter snowpack in the region: under climate warming 
scenarios, the jet stream and associated wind and precipitation patterns moves 
poleward under global warming by a variety of mechanisms. Models have 
projected an expansion of the tropics by as much as 2 degrees of latitude over the 
21st century (about 1° degree poleward in each hemisphere) (Lu et al. 2007). 

However, a series of trends studies examining changes in atmospheric 
composition, wind speed, and other parameters suggest that in the period from 
1979 through 2005, the subtropical dry zone already expanded poleward between 
2 and 8 degrees of latitude (about 0.8 to 4 degrees poleward in the Northern 
hemisphere) depending on the measure used (Seidel et al. 2008 and Fu and Lin 
2011). The reason for the accelerated expansion of the subtropical dry zone 
relative to model projections is not clear. In the Southern Hemisphere, 
stratospheric ozone depletion in addition to greenhouse gas forcing has been 
suggested as a cause, while in the Northern Hemisphere increases in both black 
carbon (soot) and tropospheric ozone as a result of human activities may be 
important, contributing causes in addition to greenhouse gas forcing (Allen et al. 
2012). 

Some researchers see evidence in the current climate data that warming-driven 
expansion of the subtropical dry zone is already under way (Seager et al. 2007). 
One study has shown that a northward shift in the jet stream began in 1978, 
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allowing more rain to fall to the north and east, and leaving the Southwest drier in 
the early spring (McAfee and Russell 2008). As a result, the northern Great Plains 
states have seen a small increase in spring precipitation. Another study notes 
changes in precipitation and evaporation in the tropical atmosphere since 1979 
that are consistent with warming-forced expansion of the subtropical dry zone 
(Seager and Naik 2012). 

Changes in the speed of the jet stream and the amplitude of the Rossby waves in 
the jet stream are also occurring (Francis and Vavrus 2012). Rossby waves are the 
north-south meanders in the jet stream, which have a characteristic amplitude. 
The speed of the jet stream and amplitude of the Rossby waves are affected by 
changes in the radiation balance in the Arctic (caused by changes in Arctic sea ice 
thickness and extent) and changes in Northern Hemisphere snow cover extent and 
season duration. In particular, recent reductions in summer sea ice extent have 
allowed the Arctic Ocean to warm more in summer and to gradually release this 
additional heat to the atmosphere during the autumn. The effect of this warming 
has been to reduce the temperature gradient between the polar and mid-latitudes 
during much of the year, but particularly from October through December. Since 
the speed of the jet stream is directly related to the temperature gradient, the result 
has been a decrease in the speed of the jet stream. This decrease in the jet stream 
speed has resulted in a slowing of the eastward progression of Rossby waves in 
the jet stream that influence the formation and movement of mid-latitude storms, 
noticeably in autumn (Francis and Vavrus 2012). 

Warming in the Arctic is also likely to increase the amplitude of the Rossby 
waves in the jet stream by causing the northern peaks of the Rossby waves to 
extend further poleward. A storm following the jet stream will thus have a higher 
amplitude wave to track and as a result of this extra north-south movement, it will 
take storms longer to make net easterly progress across the country. This 
phenomenon appears to be occurring during both the summer and fall. 

Recent effects of changes to the jet stream as a consequence of Arctic sea ice 
loss and earlier Arctic snowmelt have been to cause midlatitude storms and 
anticyclones (high pressure systems that bring clear, dry weather) to “linger” over 
regions producing longer wet periods and longer dry periods between, along with 
protracted heat waves and cold spells (Francis and Vavrus 2012). Continued 
decreases in Arctic sea ice and Northern Hemisphere snow cover are likely to 
amplify these effects. 

V.B.4.  Projected Changes in the North American Monsoon 

Over the period 1948 through 2004, a significant delay in the beginning, peak, 
and closing stages of the monsoon was observed, corresponding to a decrease in 
rainfall during July and a corresponding increase in rainfall during August and 
September. Dry preceding winters led to decreased soil moisture. Grantz et al. 
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(2007) proposed that, since early season monsoonal precipitation depends on 
moisture derived from evaporation, low soil moisture precluded sufficient 
evaporation to initiate early monsoon precipitation. Consequently, the onset of the 
monsoon was delayed until sufficient moisture could be drawn into the region by 
convection. Modeling studies suggest that an enhanced convective barrier may 
form due to low soil moisture in the early summer (leading to declines in early 
summer precipitation) and is followed by higher late summer/early fall monsoonal 
precipitation (Seth et al. 2011). 

The delayed monsoon model of Grantz et al. (2007) is directly contradicted 
by studies showing that monsoons are strengthened following dry winters 
(e.g., Gutzler 2000). Such discrepancies arise because the fundamental drivers of 
variations in the North American Monsoon are poorly understood: 

• Global circulation models cannot resolve the North American Monsoon as 
a distinct process because they cannot key resolve regional processes, or if 
dynamically downscaled, the models can only do so at a very coarse 
resolution (Cayan et al. 2013).  

• ENSO and PDO exert effects on the North American Monsoon, and how 
these may change in the future is unclear.  

• It is not clear how strengthening of Hadley cell circulation leading to 
enhanced subsidence in the subtropical dry zone (including New Mexico) 
will affect North American Monsoon formation and strength. 

Recent modeling reported by NOAA (2013a) using the NARCCAP models under 
the A2 (high emissions) scenario indicate declines in spring and summer 
precipitation of about 5 to 10 percent in the Upper Rio Grande Basin in 2041 
through 2070 compared to 1971 through 2000, but model agreement was poor and 
the changes were not significant in most models. These losses are offset by small 
gains in fall and winter precipitation. 

V.B.5.  Summary of Projected Precipitation Changes 

Overall, models project that precipitation in the Upper Rio Grande Basin—and 
the Southwest as a whole—will remain unchanged, or will decline slightly (with a 
maximum of approximately 13 percent reduction) over the 21st century. More 
precipitation likely will fall as rain; less will fall as snow. Slight gains in fall 
and winter precipitation may be offset by losses in summer precipitation. The 
frequency of extreme precipitation events is likely to be unchanged. Precipitation 
may become more concentrated in larger precipitation events, but this change in 
distribution is likely to affect only a small fraction of storms. Projections for 
precipitation are limited by uncertainties in factors driving variability in the North 
American Monsoon, ENSO, PDO, and AMO. Additional uncertainties arise with 
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respect to the impacts of the loss of Arctic sea ice, the reductions in Northern 
Hemisphere snow cover, and the poleward expansion of the subtropical dry zone, 
all three of which appear to be occurring at a rate faster than predicted by current 
global circulation models. 

VI.  Literature Review: Projected Changes to 
Drought Frequency and Intensity 

Regardless of whether precipitation increases or decreases, the consensus 
is that temperature-driven increases in evaporation will lead to greater evapo-
transpiration, a net decrease in soil moisture, and a persistently negative water 
balance for the region. Increases in precipitation would act as a negative feedback, 
slowing down these impacts; decreases in precipitation would act as a positive 
feedback, accelerating these changes. 

Three classes of drought are generally recognized (Dai 2011): 

• “Meteorological drought” refers to a period of months or years in 
which precipitation is below normal, whether or not this condition is 
accompanied by increased temperatures. Direct precipitation 
measurements are used to assess meteorological drought. 

• “Agricultural drought” refers to a period when soils are dry, which can be 
a result of a decrease in precipitation (meteorological drought), an increase 
in evaporation (e.g., due to increased temperatures), or changes in land 
use, vegetation cover, or other factors in the watershed. Agricultural 
drought is usually measured using an index, such as the Palmer Drought 
Severity Index (PDSI). The PDSI includes both a precipitation term and a 
temperature term (as a proxy for evaporation). Therefore, this index 
reflects the balance of moisture inputs or loss to the soil in an area. 

• “Hydrological drought” refers to declines in streamflow and water storage 
in lakes and reservoirs. Hydrological drought is measured in terms such as 
discharge (cfs), stream flow (feet per second), or storage (acre-feet) of a 
water body. Hydrological drought is sensitive to a variety of factors, 
including precipitation, temperature, evapotranspiration, surface and 
ground water management, erosion, grazing, and other changes in land use 
and vegetation cover in the watershed. Hydrologic drought develops more 
slowly and may be partially masked by natural and artificial storage. 

Because both agricultural and hydrological droughts are measures of water 
balance and not of absolute precipitation, it is possible to have both kinds of 
drought in the absence of a meteorological drought: warming atmospheric 
temperatures that drive up atmospheric moisture demand (evaporation) can tip 
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the balance towards agricultural and hydrologic drought even if precipitation 
stays the same or even increases slightly (the "Global Change Type Drought" of 
Breshears and colleagues [2005]). Modeling studies have shown that this process 
may have been happening during latter half of the 20th century, when increasing 
temperature in the Southwest led to declines in both soil moisture and runoff in 
spite of precipitation increases (Andreadis and Lettenmaier 2006). 

Changes in precipitation intensity can also affect soil moisture and stream 
flow even if total precipitation is unchanged: some climate models predict an 
increase in frequency of heavy precipitation and a reduction in light to moderate 
precipitation events. This would lead to longer and more intense dry spells 
between larger precipitation events, causing vegetation stress and die-off. As 
precipitation falls in more intense showers, this heavy rain falls on increasingly 
bare ground, leading to higher runoff to precipitation ratios, lower infiltration 
rates, and greater erosion than previously. Decreased infiltration reduces the 
amount of surface moisture that can be subsequently evaporated and precipitated 
in a region, a positive feedback further enhancing the length of the period between 
storm events. Decreased infiltration also contributes to reductions in groundwater 
recharge, contributing to regional near-surface water table declines and decreases 
in soil moisture, with follow-on impacts to springs, streams, and woody 
vegetation. 

VI.A.  Recent and Past Droughts 

Historically, droughts were common in the Southwest. Between 1916 and 2008, 
there were 11 extreme drought years covering all or part of the region. An 
extreme drought year is defined as a water year in which the area-averaged soil 
moisture falls below the 10th percentile of the 1951 through 1999 historical period 
(Cayan et al. 2010). Extreme drought years in the 20th century have usually been 
embedded in longer dry periods, with the droughts building up and subsiding over 
several years. These dry periods historically ranged from 47 to 123 months (about 
4 to 10 years). Three of the 11 extreme drought years occurred in the 1st decade of 
the 21st century (in 2002, 2007, and 2008), nestled within a period of elevated 
temperatures beginning in 2000 and continuing through 2012. 

Although most years in the first decade of the 21st century have been 
exceptionally dry, overall the drought through 2010 did “not have an unusual 
precipitation deficit,” but the “warmth of the … drought [was] exceptionally 
strong and consistent” (Cayan et al. 2010). The results have been persistent soil 
moisture deficits and runoff levels that are below average extreme dry levels: 
for example, in the first decade of the 21st century, the Colorado River has 
experienced its lowest 5-year mean flows on record. The start of the current 
drought is variably placed by researchers, with some arguing for the onset of 
drought by late 1999 (Cook et al. 2004). Modeling by Seager and Vecchi (Seager 
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and Vecchi 2010) suggests that the early 21st century drought is within the range 
of natural climate variation and cannot be attributed to anthropogenic warming. 
Since 2010, precipitation has declined strongly, with drought currently due to 
both elevated temperatures and reduced precipitation. 

The duration the current drought is not remarkable considering the tree ring 
records of climate change covering the last 1,200 years (back 2,000 years in some 
areas). In a widely cited work, Cook and colleagues (2004) used annually-resolved 
tree-ring records from throughout North America to reconstruct annual summer-
season PDSI for the last 1,200 years, which includes the Medieval Warm Period, a 
warm climate interval between approximately AD 800 and 1300 when Northern 
Hemisphere temperatures increased due to natural forcing.5 In the warmest part of 
the Medieval Warm Period (from AD 950 to 1150), average Northern Hemisphere 
temperatures was higher by 0.36 to 0.72°F (0.2 to 0.4°C) than the mean annual 
temperature for 1850 through 2006; by comparison, late 20th / early 21st century 
global average temperatures are 1.44°F (0.8°C) above the same mean (Mann et al. 
2008). 

In the Southwest, average annual temperatures during the Medieval Warm Period 
may have been 0.72 to 1.44°F (0.4 to 0.8°C) above the mean annual temperatures 
recorded for 1850 through 2006. During the warmest intervals in the Southwest, 
temperatures may have approached 1.8°F (1°C) above this mean, a value equal to 
the 1961 through 1990 mean and well below the average temperature for the first 
decade of the 21st century (Woodhouse et al. 2010). 

The strongest of the multi-decadal droughts during the Medieval Warm Period 
megadrought occurred between 1140 and 1159. Based on tree-ring records (Meko 
et al. 2007), the warmest, driest period of the 12th century was AD 1146 through 
1150. During this period, 65.5 percent of the Southwest was under drought 
conditions, and average annual maximum temperatures for the region were 60.2°F 
(15.65°C). By comparison, over the 20th century, the average annual maximum 
temperature (1909 through 2008) has been 60.3°F (15.72°C) and average 
temperature from 1999 through 2008 was 63.6°F (17.54°C). Moreover, during 
the 1146 through 1150 period, 32.6 percent of the region was under drought 
conditions, while during the period 1999 through 2008, 48.4 percent of the region 
was in drought (see Woodhouse et al. 2010). The drought has persisted through 
fall 2013. 

Medieval Warm Period warming is thought to have been the result of increased 
solar irradiance and reduced volcanic activity, which forced the Pacific into a 
persistent “La Niña”-like state. El Niño and La Niña climate swings occurred 

                                                
     5 Detection and attribution studies have assessed whether the same factors responsible for the 
Medieval Warm Period (high solar irradiance and reduced volcanism [Cook et al. 2004]) might 
account for today’s warming, and have consistently found that they do not. 
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relative to this drier base state. If recent warming has a similar effect on tropical 
Pacific sea surface temperature patterns, a similarly more arid base state will 
emerge that could potentially last for centuries (the duration of projected 
warming). While some researchers propose changes to ENSO as the primary 
driver of future droughts, both the intensification of tropical-subtropical 
circulation and the expansion of the resulting subtropical dry zone are important 
features projected to contribute to future aridity in climate models of the 
Southwest (Seager et al. 2007). 

A retrospective analysis has shown that, since 1980, there has been a highly 
statistically significant trend toward increased drought in the American 
Southwest, particularly over the Colorado River Basin, dependent on 
teleconnections with the Pacific North American (PNA) pattern and the AMO, 
which primarily influence winter precipitation (Balling and Goodrich 2010). 

VI.B.  Model Projections of Late 21st Century Drought 

In a review of 19 models used by the IPCC in its most recent assessment report, 
Seager and colleagues (2007) examined trends in precipitation minus evaporation 
over the period 1900 through 2098 (modeling included both the historic record 
and projected 21st century climate) in the Southwest. They found that under the 
A1B (moderate emissions) scenario, models project a sustained transition to drier 
climate beginning in the 1990s or early in the 21st century. This change is driven 
by declines in precipitation and increases in evaporation. Most of the projected 
drying occurs in winter. This modeling effort suggests that the average climate of 
the Southwest by mid-21st century will resemble that of climate during a multi-
year drought today. “The most severe future droughts will still occur during 
persistent La Niña events, but they will be worse than any since the Medieval 
period, because the La Niña conditions will be perturbing a base state that is drier 
than any state experienced recently” (Seager et al. 2007). 

Seager and Vecchi (2010) also reviewed 24 IPCC models with robust 
representations of precipitation and evaporation in the Southwest through 2099. 
They found that the models project a steady decline in both winter (October 
through March) and summer (April through September) precipitation in the  
21st century relative to the 20th century. In winter, warming causes evaporation to 
increase steadily, resulting in projections of an increasingly negative value for 
precipitation-evaporation over the 21st century. Decreases in the value of winter 
precipitation-evaporation occur in all models—regardless of precipitation trends, 
showing the projected dominance of temperature-forced increases in evaporation 
over any increase in precipitation. In the models, the primary causes of changes in 
precipitation-evaporation are expansion of the subtropical dry zone and the 
poleward retreat of the temperate wet zone, driven by global-scale warming. 
Worst-case drying scenarios occur in models predicting a shift to a persistent 
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La Niña state in the Pacific, while the wettest scenarios occur in models 
predicting a persistent El Niño state. However, because of the overprinting of a 
gradual drying in the Southwest, not even the wettest future models predict a 
return to the two wet decades preceding the 1997-98 El Niño. Finally, recent 
trends in carbon emissions exceed the levels used in this study (based on the A1B 
SRES scenario), so the drying may be greater than projected in this study. 

More recently, a series of 19 models were used to assess projections of future 
drought over the U.S. under the SRES A1B (moderate emissions) scenario 
(Wehner et al. 2011): 

All models, regardless of their ability to simulate the base-period drought 
statistics, project significant future increases in drought frequency, severity, 
and extent over the course of the twenty-first century under the SRES A1B 
emissions scenario. Using all 19 models, the average state in the last decade 
of the twenty-first century is projected under the SRES A1B forcing scenario 
to be conditions currently considered severe drought (PDSI < -3) over much 
of continental United States and extreme drought (PDSI < -4) over much of 
Mexico. . . . Periods of drought intensity comparable to the massive droughts 
of the 1930s or 1950s are replicated in the simulated twentieth century by the 
corrected models, albeit less frequently than observed. By the end of the 
twenty-first century, this condition becomes the normal one (Wehner et al. 
2011:1374). 

Part of differences in model projections of drought at any point in time is affected 
by differences in the rate of change inherent in the models: models with faster 
rates of change predict higher temperatures (and therefore more drought) than 
models with slower rates of change for a given point in time. To adjust for this, 
the models were used to project drought for a given temperature, without regard 
to when this temperature is reached by the models: 

At a 2.5 K [2.5°C, 3.6°F] global increase in surface air temperature relative 
to the 1900-09 average, an all-model projection exhibits moderate drought 
conditions over most of the western United States and severe drought over 
southern Mexico as the mean climatological state (Wehner et al. 2011:1375). 

The dates at which these models reach 3.6°F (2.5°C ) above the 1900 through 
1909 average ranges from 2029 to 2110, with 11 of 19 models falling between 
2045 and 2060 (Wehner et al. 2011:Table 5). In the models, drought intensity is 
greatest in the Intermountain West and Plains.  

VII.  Hydrologic Changes 
In the West, most of the water flowing year-round in streams originates as mountain 
precipitation (via winter snow pack) or from localized upstream precipitation during 
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the summer monsoon, primarily in headwaters areas. Snowmelt is 50 to 80 percent 
of flow volume in this region (Stewart et al. 2005). Snowmelt is the dominant 
source of flow in the Rio Grande above its confluence with the Rio Chama, while 
below this confluence both snowmelt and summer precipitation are important. The 
river is fully allocated and flows in the river are tightly regulated. 

VII.A.  Observed Hydrologic Changes 

VII.A.1.  Changes to Snowpack 

Two important variables with regard to snowpack are the quantity of precipitation 
falling as snow, and the amount of water contained in a given volume of snow, 
snow water equivalent (typically 5 to 20 percent in freshly fallen snow). 

Throughout much of the West, warming winter temperatures have contributed to 
declines in snowpack (Mote et al. 2005). Warmer late fall and early spring 
temperatures mean that precipitation that formerly fell as snow during these 
periods now often falls as rain, particularly at lower elevations and in more 
southerly mountainous regions. Thus the percent of annual mountain precipitation 
that falls as snow has declined, reducing the amount of water available for runoff 
in the spring and summer months. 

There has also been a long-term decline in the ratio of winter-total snow water 
equivalent (SWE) to winter total precipitation. The most significant reductions 
have occurred where winter wet-day minimum temperatures averaged for the 
period 1949 through 2004 were warmer than -5°C, with the greatest loss between 
-3°C and 0°C. The changes were most pronounced in spring (Knowles et al. 
2006). 

In a major review of the data from 1950 to 1997, the Southwestern mountains 
showed a 60 percent gain in precipitation (Mote et al. 2005), but this is an artifact 
of a trend line that begins in the last major Southwestern drought (1950 through 
1956) and ends in the wettest period of the historical record (1976 through 
1997/1998). A study combining observational data and modeled historic 
snowpack has shown a post-1980 decline in snowpack conditions in the West that 
has no precedent in 20th century temporal variability in precipitation, temperature, 
and estimated snow water equivalence. Winter temperatures since 1980 are, on 
average, higher than any other decade of the 20th century, while the average 
April 1 snow water equivalence and the ratio of snow water equivalence to 
precipitation are lower (McCabe and Wolock 2009). 

In a recent study, tree ring records were used to estimate annual snow water 
equivalence since AD 1200 in the Rocky Mountains. Prior to the 1980s, there 
was a pronounced dipolar character to snow water equivalence: dry years in the 
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Northern Rocky Mountains (Wyoming and north) corresponded to wetter years 
to the Southern Rocky Mountains (Colorado and New Mexico), and vice-versa. 
Since 1980, this pattern has broken down, and declines in snow water equivalence 
are evident across the entire cordillera (mountain range) (Pederson et al. 2011). 
The authors conclude that their data suggest “a fundamental shift from 
precipitation to temperature as the dominant influence on snowpack in the 
North American Cordillera.” 

The importance of snowmelt to runoff has been changing in northern New 
Mexico. A study of runoff trends over the period 1948 through 2008 shows that 
streams draining the Sangre de Cristo Range and Jemez Mountains have shifted 
from clearly snowmelt dominated to increasingly rain dominated over this time 
period, a trend that has not emerged in the San Juan Mountains (Fritze et al. 
2011).  

Snowpack accumulation is also related to regional vegetation cover, with 
maximum accumulation occurring in forests with canopy densities between 
25 and 40 percent, and along north-facing canopy edges (Veatch et al. 2009). 
Canopies of this density effectively intercept snowfall and shade it from direct 
solar radiation. Anticipated changes to mountain vegetation due to drought and 
wildfire (Williams et al. 2010) have the potential to change the way snowpack 
accumulates by replacing forests with bare ground, grassy meadows, shrublands, 
and woodlands in large portions of mountain catchments. 

VII.A.2.  Advances in Snowmelt 

The observational record of 1948 through 2000 reveals a steady advance in the 
initiation of snowmelt across the West, with greater advances occurring in the 
northern tier of Western states (Stewart et al. 2005). The data show earlier 
beginning of snowmelt, and advances in the center of mass of the annual 
hydrograph (peak spring runoff) by one to four weeks (see also Fritze et al. 2011). 
The earlier onset of snowmelt is accompanied by decreased spring and early 
summer (April, May, June, and July) fractional flows (i.e., flows as a portion of 
the annual total) as a greater portion of the runoff occurs earlier in the water year 
(due to earlier snowmelt and warmer late winter temperatures permitting snow to 
fall as rain and earlier mountain snowmelt). Importantly, the advance in timing 
correlates strongly with an increase in temperature over this time period but 
correlates poorly with long-term changes in Pacific Ocean sea surface temperatures. 
Model projections suggest continued advances in snowmelt timing, with advances 
of as much as a month or more projected for 2080 through 2099 relative to baseline 
data from 1951 through 1980 (Stewart et al. 2004). 

Other processes associated with aridity can affect the rate of snowmelt. Increased 
aridity is likely to reduce vegetation cover, leaving soil exposed to erosion by 
wind and water. On the Colorado Plateau, researchers measured dust emissions 
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from different vegetation communities. The communities were selected as analogs 
for vegetation changes expected with increasing aridity. The researchers found 
that increased temperatures due to climate change will increase wind erosion 
across the Colorado Plateau, leading to much higher dust emissions in areas with 
low vegetation cover and low rates of biological soil crust (Munson et al. 2011). 
The dust can move large distances, and can readily be blown onto areas of 
mountain snow, changing snowfield albedo (reflectivity) and thereby helping to 
accelerate spring snowmelt (Seager and Vecchi 2010).  

VII.A.3.  Declines in Runoff 

Southwestern flood magnitudes over the last 85 year have declined strongly, with 
the strongest decreases along the Rio Grande, Colorado, and Salt-Gila rivers 
(Hirsch and Ryberg 2011). These declines cannot be wholly explained by 
reference to ENSO, PDO, AMO, or other natural forcing, or to changes in water 
allocation or land use practices. 

The Colorado River has received greater research attention than the Rio Grande, 
and serves as a proxy for regional stream flows in many analyses. The rivers are 
similar in that both streams receive most of their flow from Rocky Mountain 
runoff rather than from precipitation in downstream reaches. But they differ in a 
crucial way that suggests projections of future flow based on Colorado River data 
will underestimate reductions in flows on the Rio Grande. The Colorado River 
receives runoff from northern Utah, and northern and western Wyoming, areas 
that are likely to see increases in precipitation that partially offsets reduced 
precipitation in southern Utah and western Colorado (USGCRP 2009). By 
contrast, the Rio Grande headwaters lie in the San Juan Mountains of southern 
Colorado, a place that is likely to see overall reductions in precipitation and 
increases in evaporation due to the northward expansion of the subtropical dry 
zone. In the 2011 La Niña winter, heavy precipitation in the Northern Rockies 
coincided with much-reduced precipitation in the Southern Rockies. As a result, 
flows in the Colorado River increased from the prior year while flows in the 
Rio Grande remained low. 

During the first decade of the current drought (2001 through 2010), flows 
declined on both rivers (Hoerling et al. 2013). At Lee’s Ferry on the Colorado, 
average naturalized flows were 12.6 million acre-feet/year, compared to the 1901 
through 2000 average of 15.0 million acre-feet/year, representing a 16 percent 
decadal deficit. On the Rio Grande at El Paso, observed flows for 2001 through 
2010 were about 23 percent lower than the period from 1941 through 2000. 
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VII.B.  Projected Hydrologic Changes 

VII.B.1.  Projected Changes for the Southwestern U.S. 

Reductions in snowpack, declines in snow water equivalence, and advances in 
snowmelt are all projected to contribute to substantial declines in flows in the 
Southwest’s rivers (Cayan et al. 2013). Studies of the Colorado River show that 
flow on the Colorado River is likely to be reduced by 10 to 30 percent (see 
discussion in Barnett and Pierce 2009). Since the headwaters of the Rio Grande 
are located in a region that will likely see no increases in winter precipitation as 
well as significant declines in precipitation for the rest of the year (USGCRP 
2009), it is probable that projected declines in flow in the Rio Grande will equal 
or exceed those for the Colorado River (Cayan et al. 2013). 

Models of future Colorado River flows consistently show reductions in average 
flow across the 21st century. Coupled ocean-atmosphere global climate models 
downscaled to the Western U.S. were used to drive a Variable Infiltration 
Capacity (VIC) model to study changes in streamflow as a result of climate 
change (Christensen et al. 2004 and Leung et al. 2004). Modelers drove the model 
using a moderate emissions scenario (close to the mean of models used in the 
2009 IPCC reports). For the Colorado River basin, annual predicted runoff was 
14, 18, and 17 percent below the historical average for the periods 2010 through 
2039, 2040 through 2069 and 2070 through 2098, respectively. However, due to 
earlier spring snowmelt and higher evaporation rates, it is predicted that the total 
basin storage in regional reservoirs could decline by as much as 36, 32, and 
40 percent for these periods, respectively. 

A more recent effort used a simple water budget model that calculated the net 
effects of inflows and outflows on a monthly time step (Barnett and Pierce 2009). 
The model incorporates reductions in evaporation from reservoirs as surface area 
shrinks, as well as changes in river management in response to altered flows. The 
model shows that, by 2050, if runoff is reduced by 10 percent and consumption is 
unchanged, water managers will be unable to deliver all of the promised water  
58 percent of the time. A reduction in runoff of 20 percent leads to a failure in 
water delivery approximately 88 percent of the time if consumption patterns are 
unchanged. The shortfall ranges from at least 970,000 to 1.5 million acre-feet per 
year (1.2 to 1.9 billion cubic meters per year) to approximately 1.8 to 2.8 million 
acre-feet per year (2.2 to 3.4 billion cubic meters per year) by 2050 out of a total 
request of 14 million acre-feet per year (17.3 billion cubic meters per year) 
(Barnett and Pierce 2009). The magnitude of the shortfall is small enough that it 
could be compensated for by reductions in demand. Although average flows may 
decline only a small amount, flow deficits in multi-year drought years have the 
potential to exceed flow deficits in the observational record by as much as 60 to 
70 percent (Cayan et al. 2010). 
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Reduced runoff and changes in snowpack have a secondary effect on groundwater 
systems by reducing the amount of water available for recharge. As surface water 
sources become scarce, groundwater sources may be increasingly relied upon to 
satisfy water needs. As aquifers are drawn down, the relationship between surface 
water and ground water may change, reducing surface flow in rivers where 
groundwater is a significant contributor to surface flow. 

Reduced total runoff will likely be accompanied in the future by increases in peak 
discharge. Precipitation is expected to become more concentrated in time, with 
fewer but larger storms separated by periods of increased aridity. Aridity will 
significantly alter vegetation structure, with more xeric vegetation and larger 
patches of exposed earth. During high-precipitation events, the exposed surfaces 
may funnel greater share of runoff to streams, contributing higher peak flows than 
at present. 

Studies that detect change and attribute it to causes (detection and attribution 
studies) have had less success with precipitation, snowmelt, runoff, and other 
hydroclimate variables than with temperature. In the northern Intermountain 
West, modelers engaged in detection and attribution studies discovered a clear 
anthropogenic signal to earlier peak runoff during the period 1950 through 1999 
(Hidalgo et al. 2009). However, the observed changes in the southern Intermountain 
West could not be clearly distinguished by cause: anthropogenic changes appear to 
be one of several causes contributing to earlier peak spring runoff, declines in snow 
water equivalent, and other hydroclimate changes in the region. 

VII.B.2.  Projected Changes in the Upper Rio Grande 

There are fewer projections of hydrologic change in the Upper Rio Grande than 
for the Colorado River, reflecting different definitions of the Southwest used by 
researchers, and the smaller population dependent on the Rio Grande than on the 
Colorado River. Changes in temperature and precipitation patterns are expected to 
drive changes in snowpack: 

• Overall, the freezing altitude is projected to rise and snowpack volume to 
decrease as temperatures rise. Higher temperatures will delay the date at 
which precipitation falls as snow in the fall and cause a 4 to 6 week earlier 
shift in the date at which precipitation reverts to rain in the spring. The 
altitude at which a winter snowpack will develop is anticipated to rise. In 
the 2005, the Rocky Mountain Climate Organization (Saunders and 
Maxwell 2005) noted that 10 of the previous 16 years in the Rio Grande 
Basin had snowpack below the long-term average, a trend that has 
continued since. 
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• The snow water content of the snowpack has also declined (Mote et al. 
2005), and this trend is anticipated to continue. Compared to the water 
content of the April snowpack for the period 1950 through 1999, modeling 
studies of the Colorado River watershed project determined that that 
the content of water contained in April snowpack will decline by 
approximately 38 percent by the end of the 21st century in models driven 
by the A2 (high emissions) scenario (Christensen and Lettenmaier 2007). 
Similar reductions in snow water equivalence are predicted for all 
watersheds in the West. 

• Regional climate models driven by the A2 (high emissions) scenario 
indicate that the snowpack may be non-existent south of 36°N 
(approximately the latitude of the City of Española, New Mexico) by 2100 
(Gutzler et al. 2006). The same study showed reductions in snow water 
equivalence of approximately one-third to one-half (approximately 50 to 
200 mm of water) compared to the 1961 through 1985 average in the 
San Juan Mountains. 

Increases in temperature and increases in evaporation will lead to increasing soil 
moisture deficit:  

• In many modeling studies, the increase in summer evaporation appears 
to plateau—but only because there is no more surface soil moisture to 
evaporate (Diffenbaugh et al. 2005). Evaporation over reservoirs and other 
open water is expected to increase directly with temperature. Prolonged 
droughts relative to those of the 20th century are expected (Gutzler et al. 
2006). 

• Regional models driven by the A2 (high emissions) scenario show a 
pronounced soil moisture deficit in the spring (March through May) 
season, particularly in northwest New Mexico, where soil moisture is 
projected to decrease by 5 mm water (20 percent relative to 1961 through 
1985 simulated baseline). In the models, this deficit is driven by earlier 
spring snow melt accompanied by higher temperatures and greater 
evaporation (Gutzler et al. 2006). 

The future flows in the Rio Grande are expected to decline, as discussed in recent 
studies: 

• For the Rio Grande basin above Elephant Butte, declines in snow water 
equivalence, annual runoff, December through March runoff, and April 
through July runoff are all anticipated. Reclamation conducted the most 
detailed hydroclimate modeling specific to the Rio Grande has been under 
its West-Wide Climate Risk Assessment (WWCRA) program as required 
under the SECURE Water Act ((Reclamation 2011c, summarized in 
Table 2). Reclamation used data from 112 CMIP3 models that were bias 
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corrected and spatially downscaled to 1/8° cells and then input into a VIC 
model, with the flows subsequently routed down the Rio Grande. The 
median changes from their modeling effort, at specific gages, are provided 
in the table, below (Reclamation 2011c). 

Table 2.—Modeling Results from Reclamation (2011c) Showing Hydrologic Changes to the 
Rio Grande Basin 

Location 
Precip. 

(%) 

Mean 
Temp 
(°F) 

April 1 
SWE 
 (%) 

Annual 
Runoff  

(%) 

Dec.-
Mar. 

Runoff 
(%) 

Apr.-
July 

Runoff 
(%) 

2020-2029 

Rio Grande near Lobatos -0.47 1.84 -25.63 -4.98 -7.12 -2.87 

Rio Chama near Abiquiu 0.91 1.79 -87.13 -0.24 4.76 -1.27 

Rio Grande near Otowi -0.54 1.82 -42.20 -4.45 -3.07 -2.48 

Rio Grande at Elephant Butte Dam -0.53 1.79 -93.16 -4.05 -3.59 -1.64 

Pecos R. at Damsite #3 -1.48 1.79 -100.00 -2.45 -0.63 -1.39 

2050-2059 

Rio Grande near Lobatos -2.29 2.98 -49.46 -18.89 -20.55 -15.37 

Rio Chama near Abiquiu -1.07 3.83 -96.37 -7.28 5.53 -13.85 

Rio Grande near Otowi -2.42 3.82 -63.92 -14.40 -10.41 -15.91 

Rio Grande at Elephant Butte Dam -2.31 3.82 -98.37 -13.48 -8.95 -15.42 

Pecos R. at Damsite #3 -0.72 3.76 -100.00 -2.75 -3.76 -3.63 

2070-2079 

Rio Grande near Lobatos -2.23 5.18 -68.97 -22.41 -23.69 -20.13 

Rio Chama near Abiquiu -1.12 5.19 -98.50 -10.96 8.61 -21.68 

Rio Grande near Otowi -2.40 5.19 -84.56 -19.90 -12.00 -21.83 

Rio Grande at Elephant Butte Dam -2.25 5.17 -99.72 -16.41 -10.86 -20.01 

Pecos R. at Damsite #3 -1.91 4.97 -100.00 -4.36 -9.42 -5.06 

 

Although these numbers are very precise, they provide only general 
guidance for future change because the range of variation around each of 
these numbers is very large; the range for temperature by 2070 through 
2079 is approximately 7 to 8°F while models report both gains and losses  
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in precipitation over the basin. Proportionately similar variation exists 
around all of the figures presented in Table 2 (see Reclamation 2011c: 
Figure 46). 

• A sensitivity study was conducted to assess how snowmelt runoff in the 
Rio Grande might be affected by a 7.2°F (4°C ) increase in temperature in 
wet, normal and dry years, as well as for a “normalized year” based on the 
average condition for the period 1957 through 1994 (Rango and Martinec 
2008). For the Upper Rio Grande, a greater share of runoff is projected to 
occur in the winter (October through March) than in the summer (April 
through September) and the runoff peak was shifted from May to April. 
Overall runoff also decreased (Table 3). 

 
Table 3.—Redistribution of runoff in warmer climates (adapted from 
Rango and Martinec 2008, Tables 2 and 3) 

Base Year 

October-March April-September 
Hydrological 

Year 

Runoff 
million 

m3 

Runoff  
% of 
Total 

Runoff 
million 

m3 

Runoff  
% of 
Total 

Runoff 
million 

m3 

Runoff  
% of 
Total 

1979 (wet) 

Computed T 91.87 7.6 1120.15 92.4 1212.02 100 

Computed T+4°C 146.76 12.3 1046.16 87.7 1192.92 100 

1976 (average) 

Computed T 93.22 13.1 616.52 86.9 709.74 100 

Computed T+4°C 192.95 28.1 494.80 71.9 687.75 100 

1977 (dry) 

Computed T 63.56 24.3 198.17 75.7 261.71 100 

Computed T+4°C 77.34 29.2 187.42 71.8 264.76 100 

“Normalized Year” 

Computed T 74.66 11.7 561.66 88.3 636.32 100 

Computed T+4°C 153.06 24.2 479.58 75.8 632.64 100 
 

• In addition to advancing the date of peak spring flood, increases in 
summer surface temperatures are expected to strengthen convection over 
the region, producing a more vigorous hydrologic cycle in which storms 
are more intense (Carnell and Senior 1998). Whether storm frequency 
declines as well is not clear. Larger magnitude summer storms may drive 
bigger magnitude flood events, while concentrating spring runoff earlier in 
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the season may increase the magnitude of spring floods. However, lower 
overall snowpack volume and snow water equivalence, and earlier 
snowpack melting, are expected to drive down low summer flows (Gleick 
2000). In other words, the stream’s base flows decline but are punctuated 
by larger magnitude summer flood events. 
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Observed Climate Trends in the Upper 
Rio Grande Basin  

Observed climate trends for the Upper Rio Grande basin above Elephant Butte 

Dam were analyzed to better understand current rates of climate change in the 

study area. Topographic diversity is a key factor as this region encompasses the 

headwaters of the Rio Grande in the San Juan and Sangre de Cristo Mountains of 

Colorado, both with peaks exceeding 14,000 feet mean sea level;
1
 the Tusas and 

Jemez Mountains of New Mexico, with peaks rising as above 11,000 feet ; the 

Rio Grande Rift extending from the San Luis Valley of southern Colorado past 

the southern boundary of the study area at Elephant Butte Dam at approximately 

4,200 feet ; and areas to the west and east of the central valley that are nonetheless 

part of the drainage basin. The region is home to one of the largest remaining 

stretches of riparian cottonwood forest in the western United States and includes 

critical habitat for the federally-endangered Southwestern Willow Flycatcher 

(Empidonax traillii extimus) and Rio Grande silvery minnow (Hybognathus 

amarus). 

I.  Data and Methodology 

Three sources of climate data were used to investigate recent climate trends in the 

Upper Rio Grande: 

• U.S. Department of Agriculture (USDA) Natural Resource Conservation 

Service SNOwpack TELemetry (SNOTEL) stations provided temperature 

and precipitation data beginning in 1989 (slightly earlier for some 

stations). SNOTEL sites in this region are positioned to provide a 

representative spatial sample of snowpack conditions (Molotch and Bales 

2006) and may not provide a spatially representative sample of climate 

data. Data from 13 SNOTEL sites were used in this study, providing the 

majority of data from high elevation settings. Monthly average values for 

temperature and precipitation were obtained from the National Climate 

Data Center (National Oceanic and Atmospheric Administration [NOAA] 

National Climate Data Center 2013) for the period of record ending in 

December 2012. 

• NOAA National Weather Service Cooperative Observer Network (COOP) 

sites provided the bulk of the data from lower elevation settings. COOP 

sites are located to collect agriculturally-relevant climate data. Data are 

collected on a voluntary basis. COOP data at most sites contain recording  

                                                 
     

1
 Note that this report refers to feet above mean sea level as “feet.”  
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gaps, notably during World War I, the Great Depression, and World 

War II. Consequently, although data exist prior to 1950, it is mainly 

discontinuous. The data collected since 1950 are more complete, 

and therefore the year 1950 is taken as the earliest reliable date for 

most COOP site data in the study area. Monthly average values for 

temperature and precipitation were obtained from the National Climate 

Data Center (NOAA National Climate Data Center 2013). The period 

of record for COOP sites in this study is January 1971 through 

December 2012. 

• NOAA National Weather Service Historical Climatology Network 2 

(HCN) data were used, where possible. Eleven HCN sites occur in the 

study area, primarily—but not exclusively— in valley floor settings. HCN 

data were originally collected as part of the COOP system, but have been 

extensively corrected for station inhomogeneities and gaps in the data 

have been rectified. Monthly average values for temperature and 

precipitation were obtained from the National Climate Data Center 

(NOAA National Climate Data Center 2013). The period of record 

for the HCN sites used in this study is January 1971 through 

December 2012. 

Mountain climates are complex and vary over short distances due to aspect and 

relief, which influence temperature and precipitation via cold air drainage, down 

and up-canyon winds, variation in the duration of direct vs. indirect insolation, 

vegetation cover, duration of snow cover, and other factors (Beniston 2006 and 

Barry 2008). Changes at individual stations may differ from regional climate 

trends (Pepin et al. 2005) in ways that are strongly influenced by landscape 

position, topography and elevation (Lundquist and Cayan 2007). Valley floors 

may lag behind regional warming trends, particularly in winter months, due to the 

increasing frequency and severity of temperature inversions under more stable, 

anticyclonic conditions (Daly et al. 2010), which are anticipated to become more 

common in the southwestern United States (Seth et al. 2011). 

Because of these complexities, additional data processing was not undertaken: 

some locations in each data set exhibited trends counter to the remainder of the 

sites, and these data may reflect real—but local—climate differences. They may 

also reflect changes to station equipment, setup and location, and National 

Climate Data Center data are corrected for many of these factors. 

Because of the landscape diversity in the 300 kilometer (km) wide by 600 km 

long study area, the sites were grouped into physiographic units for analysis (see 

Table 1 and Figure 1). 
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Table 1.—Mountain Sites Used for Trends Analysis 

Map 
Number Station ID Type Latitude Longitude 

Elev. 
(feet) 

Aspect 
(degree) 

Slope 
(degree) 

San Juan Mountains 

1 Beartown 07M32S 327 SNOTEL 37.700000 -107.500000 11600 301.80 28.10 

2 Hermit 53951 HCN 37.771670 -107.109720 9048 87.40 17.77 

3 
Middle 
Creek 

07M21S 624 SNOTEL 37.77167 -107.033333 11250 106.54 20.81 

4 Slumgullion 07M30S 762 SNOTEL 37.983330 -107.200000 11440 99.58 7.92 

5 
Upper Rio 

Grande 
07M16S 839 SNOTEL 37.720000 -107.250000 9400 347.79 16.55 

6 
Upper San 

Juan 
06M03S 840 SNOTEL 37.483330 -106.833330 10200 334.99 10.79 

7 
Wolf Creek 

Summit 
06M17S 874 SNOTEL 37.466670 -106.800000 11000 60.51 8.72 

Sangre de Cristo Mountains 

13 
Gallegos 

Peak 
05N18S 491 SNOTEL 36.180000 -105.550000 9800 287.37 22.48 

14 Red River 297323 HCN 36.705830 -105.403610 8676 229.14 1.25 

Tusas Mountains 

15 Bateman 06N04S 316 SNOTEL 36.500000 -106.316670 9300 268.95 8.09 

16 Chamita 06N03S 394 SNOTEL 36.950000 -106.650000 8400 17.56 5.31 

17 
Cumbres 
Trestle 

06M22S 431 SNOTEL 37.020000 -106.450000 10040 118.89 1.00 

18 Hopewell 06N14S 532 SNOTEL 36.700000 -106.250000 10000 50.89 9.02 

Jemez Mountains 

24 Los Alamos 295084 COOP 35.864440 -106.321390 7424 36.47 5.32 

25 Quemazon 06P01S 708 SNOTEL 35.920000 -106.383330 9500 191.63 25.02 

26 
Senorita 
Divide 

06P10S 744 SNOTEL 36.000000 -106.833330 8600 85.84 8.98 

27 
Wolf 

Canyon 
299820 COOP 35.947780 -106.746940 8220 227.03 11.95 
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Figure 1.—Map showing sites used in the analysis (site numbers keyed to Tables 1 
and 2). 
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Mountain sites include: 

• San Juan Mountains – Seven sites are located in the eastern San Juan 

Mountains within the Rio Grande basin or near the drainage divide in 

adjoining drainages. Six of these sites are SNOTEL stations and the other 

is an HCN site. Site elevations range from 9,048 to 11,600 feet, with the 

HCN site at the lowest elevation in this region. 

• Sangre de Cristo Mountains – Two sites are located in the southern 

Sangre de Cristo Mountains, consisting of one SNOTEL site and one HCN 

site. Because these mountains mark the boundary between the Southern 

Rocky Mountains and the Plains, they may be subject to different climate 

influences in some portions of the year from high elevation sites to the 

west in the San Juan Mountains. Site elevations range from 8,676 feet at 

the HCN site to 9,800 feet at the SNOTEL site. 

• Tusas Mountains – Four sites are located in the Tusas Mountains. The 

Tusas Mountains have a lower average elevation from mountain ranges to 

the north. These sites include four SNOTEL sites (between 8,400 and 

10,040 feet). 

• Jemez Mountains – Three sites are located in the Jemez Mountains, 

which are southwest of the Tusas Mountains. These consist of two 

SNOTEL sites and one COOP site. The two SNOTEL sites are located in 

high elevation settings at 8,600 and 9,500 feet while the COOP site is at 

8,220 feet. In addition, this category includes one COOP site located at 

Los Alamos on the Pajarito Plateau at 7,424 feet.  

Valley sites used in this study of the Upper Rio Grande basin above Elephant 

Butte Dam (Table 2) were grouped into the following physiographic units: 

• Northern Valleys – Five sites are located in the San Luis and Rio Grande 

Valleys in southern Colorado. These consist of two COOP sites and three 

HCN sites, and they range in elevation from 7,533 to 8,183 feet. 

• Rio Chama and Jemez River Valleys – This category includes three sites 

located in the Rio Chama Valley. These sites consist of one HCN site and 

two COOP sites ranging in elevation from 6,380 to 7,850 feet. This 

category also includes one COOP site in the Española Basin at Alcalde 

(5,680 feet), in the vicinity of the Rio Chama-Rio Grande confluence, and 

the HCN Jemez Springs site in the Jemez River Valley at 6,262 feet. 

• Middle Rio Grande – This category includes the COOP site of 

Albuquerque IAP and the HCN site of Elephant Butte Dam located on the 

bajada above the floodplain at 4,576 and 5,310 feet, respectively. It also 

includes the two HCN sites of Los Lunas and Socorro, which are located 
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Table 2.—Valley Sites Used for Trends Analysis 

Map 
Number Station Id Type Latitude Longitude 

Elev. 
(ft.) 

Aspect 
(deg.) 

Slope 
(deg.) 

Northern Valleys 

8 Alamosa 50130 COOP 37.438890 -105.861390 7533 147.69 0.11 

9 Del Norte 52184 HCN 37.674170 -106.324720 7864 13.70 2.24 

10 
Great Sand 

Dunes 
53541 COOP 37.733330 -105.511940 8183 303.97 3.58 

11 Manassa 55322 HCN 37.174170 -105.939170 7690 12.99 0.26 

12 Saguache 57337 HCN 38.085800 -106.144400 7701 87.47 0.34 

Rio Chama and Jemez River Valleys 

19 
Abiquiu 

Dam 
290041 COOP 36.240280 -106.427780 6380 131.33 4.43 

20 Alcalde 290245 COOP 36.090830 -106.056670 5680 268.89 4.12 

21 Chama 291664 HCN 36.917780 -106.578060 7850 208.58 1.25 

22 
El Vado 

Dam 
292837 COOP 36.592780 -106.730000 6740 159.58 2.58 

23 
Jemez 
Springs 

294369 HCN 35.778330 -106.687220 6262 179.38 6.17 

Middle Rio Grande 

28 
Albuquerque 

IAP 
290234 COOP 35.041670 -106.615280 5310 326.44 0.75 

29 Augustine 290640 COOP 34.075000 -107.621110 7000 38.39 0.21 

30 
Elephant 

Butte Dam 
292848 HCN 33.146110 -107.184440 4576 2.48 6.88 

31 Socorro 298387 HCN 34.082780 -106.883060 4585 147.48 0.40 

32 Los Lunas 295150 HCN 34.767500 -106.761110 4840 119.59 0.83 

33 
Grants Milan 

AP 
293682 COOP 35.166390 -107.899170 6520 181.79 1.43 

Plains 

34 Estancia 293060 COOP 34.824170 -106.034440 6140 134.96 0.17 

35 Mountainair 295965 HCN 34.520830 -106.260560 6520 119.09 5.26 

36 Pedernal 296687 COOP 34.615280 -105.473890 6150 128.80 2.62 
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directly in the floodplain of the Rio Grande at 4,585 and 4,840 feet, 

respectively. The Middle Rio Grande also includes the COOP site of 

Grants Milan Airport at 6,520 feet in the Rio Puerco Valley, and the 

COOP site of Augustine (7,000 feet) in the Plains of San Agustin. 

• Plains – Three sites within the Rio Grande basin located east of the 

Manzano Mountains in a an area potentially subject to different climate 

conditions from Middle Rio Grande sites. Two of these are COOP sites 

(6,140 and 6,150 feet), the other is an HCN site (6,520 feet). 

II.  Observed Trends for the Period 1971 
through 2012 

Despite the noise in the data introduced by measurement changes, errors, 

instrumentation, changes in station microclimate due to movement and wildfire, 

and other problems, a coherent regional picture of temperature and precipitation 

emerges when the data are aggregated into mountain and valley sites. 

II.A.  Annual Trends 

For the entire Upper Rio Grande study area, temperatures increased substantially 

over the four decade period 1971 through 2012. Average annual temperatures 

(Tavg) increased at a rate of 0.35°C (0.63°F) per decade (Table 3), with a faster 

increase in nighttime minimum temperature (Tmin) of 0.37°C (0.67°F) per decade 

(Table 5) offset by a slower increase in daytime high temperature (Tmax) of 

0.25°C (0.45°F) per decade(Table 4). Precipitation was unchanged at the regional 

scale (Table 6).
2
 

Because the distribution of monthly means is skewed, trends are assessed 

nonparametrically using the Regional Kendal Test (Helsel and Frans 2006). For 

this analysis, the Regional Kendall Test yields the annual trend (Thiel-Sen’s 

slope) and statistical significance of the trend by physiographic unit. All analyses 

are conducted using the RKT package in R (an open-source statistical software) 

(Marchetto 2012). Statistical significance was evaluated at the 0.1 (90% 

confidence) level. Annual trends are computed as the median of the monthly 

trends. 

                                                 
     

2
 Tables 4 through 6 denote statistically significant changes. Statistical significance takes into 

account the magnitude of the change and the amount of normal variation in that month. If there’s 

typically a wide range of temperatures in a month, then a large change may not be identified as 

“significant,” whereas the same-size change might be statistically significant in a month where the 

range of variation is small. 
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Table 3.—Rate of Change in Average Monthly Temperature (Tavg) in °C/Year for 1971 Through 2012 

Region Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Annual 
°C/yr* 

°C/ 
10 yr* 

San Juan Mountains 0.083 -0.012 0.071 0.033 0.030 0.039 0.038 0.017 0.038 0.005 0.088 0.044 0.04 0.38 

Sangre de Cristo Mtns. 0.100 0.033 0.043 0.050 0.050 0.039 0.024 0.037 0.028 0.025 0.071 0.047 0.04 0.41 

Tusas Mountains 0.148 0.006 0.065 0.050 0.081 0.100 0.092 0.079 0.080 0.067 0.200 0.100 0.08 0.81 

Jemez Mountains 0.032 -0.012 0.040 0.029 0.042 0.028 0.028 0.033 0.029 0.014 0.037 -0.012 0.03 0.29 

All Mountain Sites 0.075 0.000 0.050 0.036 0.044 0.039 0.037 0.033 0.037 0.020 0.077 0.030 0.04 0.37 

Upper Rio Grande 0.058 -0.005 0.034 0.027 0.040 0.019 0.026 0.025 0.017 0.003 0.036 -0.005 0.03 0.26 

Rio Chama / Jemez 
Valleys 

0.060 0.016 0.036 0.029 0.037 0.024 0.023 0.034 0.025 0.000 0.023 -0.004 0.02 0.25 

Middle Rio Grande 0.050 0.024 0.033 0.050 0.078 0.055 0.048 0.056 0.050 0.036 0.045 0.016 0.05 0.49 

Plains 0.037 -0.007 0.008 0.033 0.045 0.032 0.025 0.036 0.032 0.010 0.017 0.000 0.03 0.29 

All Valley Sites 0.050 0.012 0.030 0.036 0.050 0.033 0.031 0.039 0.032 0.014 0.033 0.000 0.03 0.33 

Region (All Sites) 0.058 0.007 0.036 0.036 0.050 0.034 0.033 0.037 0.033 0.015 0.043 0.011 0.04 0.35 

 Tan: Increasing, with correlation significant at 90% (0.1) confidence level. 
 Purple: Decreasing, with correlation significant at 90% (0.1) confidence level. 
 *Significance not calculated. 
 Decadal trend (°C/10 year) calculated as Annual Trend x 10. 
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Table 4.—Rate of Change in Tmin (°C/Year) by Region for 1971 Through 2012 

Region Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Annual 
°C/yr* 

°C/ 
10 yr* 

San Juan Mountains 0.118 0.040 0.126 0.100 0.067 0.070 0.073 0.055 0.073 0.071 0.114 0.073 0.07 0.73 

Sangre de Cristo Mtns. 0.150 0.068 0.059 0.077 0.056 0.061 0.051 0.064 0.044 0.059 0.084 0.106 0.06 0.63 

Tusas Mountains 0.193 0.054 0.133 0.122 0.103 0.150 0.160 0.120 0.138 0.140 0.228 0.159 0.14 1.39 

Jemez Mountains 0.057 0.015 0.036 0.033 0.040 0.036 0.046 0.038 0.037 0.038 0.044 0.013 0.04 0.38 

All Mountain Sites 0.108 0.036 0.075 0.070 0.060 0.064 0.067 0.057 0.062 0.067 0.095 0.067 0.07 0.67 

Upper Rio Grande 0.073 0.019 0.029 0.036 0.050 0.025 0.032 0.040 0.025 0.015 0.033 0.011 0.03 0.31 

Rio Chama / Jemez 
Valleys 

0.054 0.024 0.003 0.030 0.023 0.012 0.025 0.036 0.015 0.000 0.000 -0.003 0.02 0.19 

Middle Rio Grande 0.037 0.038 0.033 0.075 0.087 0.067 0.056 0.056 0.045 0.038 0.035 0.024 0.04 0.42 

Plains -0.007 -0.032 -0.022 0.020 0.020 0.018 0.023 0.030 0.000 0.000 -0.029 -0.018 0.00 0.00 

All Valley Sites 0.039 0.018 0.014 0.043 0.050 0.033 0.037 0.043 0.023 0.015 0.013 0.006 0.03 0.28 

Region (All Sites) 0.058 0.022 0.029 0.050 0.050 0.041 0.044 0.045 0.033 0.029 0.033 0.023 0.04 0.37 

 Tan (underline): Increasing, with correlation significant at 90% (0.1) confidence level. 
 Purple (underline): Decreasing, with correlation significant at 90% (0.1) confidence level. 
 *Significance not calculated.  
 Decadal trend (°C/10 year) calculated as Annual Trend x 10. 
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Table 5.—Rate of Change in Monthly Maximum Temperature (Tmax) in °C/year for 1971 through 2012 

Region Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Annual 
°C/yr* 

°C/ 
10 yr* 

San Juan Mountains 0.054 -0.064 0.006 -0.024 -0.011 0.009 0.018 -0.025 0.008 -0.052 0.080 0.025 0.01 0.07 

Sangre de Cristo Mtns. 0.044 -0.012 0.033 0.012 0.037 0.023 0.000 0.012 0.014 0.007 0.060 0.008 0.01 0.13 

Tusas Mountains 0.100 -0.037 0.000 -0.012 0.014 0.068 0.029 0.040 0.016 -0.024 0.173 0.036 0.02 0.23 

Jemez Mountains 0.003 -0.046 0.047 0.026 0.042 0.020 0.013 0.023 0.021 -0.011 0.037 -0.044 0.02 0.21 

All Mountain Sites 0.042 -0.043 0.027 0.000 0.019 0.022 0.013 0.006 0.014 -0.023 0.075 0.000 0.01 0.14 

Upper Rio Grande 0.036 -0.033 0.037 0.013 0.029 0.013 0.020 0.011 0.006 -0.014 0.030 -0.021 0.01 0.13 

Rio Chama / Jemez 
Valleys 

0.067 0.008 0.067 0.032 0.052 0.035 0.022 0.033 0.032 0.009 0.045 0.000 0.03 0.33 

Middle Rio Grande 0.050 0.000 0.033 0.029 0.064 0.044 0.036 0.058 0.053 0.038 0.054 0.007 0.04 0.41 

Plains 0.067 0.007 0.047 0.047 0.060 0.050 0.033 0.043 0.060 0.026 0.072 0.013 0.05 0.47 

All Valley Sites 0.056 0.000 0.045 0.029 0.050 0.033 0.027 0.035 0.036 0.014 0.048 0.000 0.03 0.34 

Region (All Sites) 0.050 -0.060 0.150 -0.040 -0.220 0.052 -0.081 0.087 0.000 0.073 0.175 -0.020 0.03 0.25 

 Tan (underline): Increasing, with correlation significant at 90% (0.1) confidence level. 
 Purple (underline): Decreasing, with correlation significant at 90% (0.1) confidence level. 
 *Significance not calculated.  

 Decadal trend (°C/10 year) calculated as Annual Trend x 10. 
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Table 6.—Net Change in Precipitation (Centimeters [cm]) by Region for 1971 Through 2012 

Region Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Net Ann. 
Change* 

Decadal 
Rate* 

San Juan Mountains 0.007 -0.015 -0.074 -0.001 -0.053 -0.053 -0.016 -0.026 -0.010 0.000 -0.096 0.060 -0.28 -2.77 

Sangre de Cristo Mtns. 0.002 0.027 -0.080 0.008 -0.042 -0.048 0.001 0.013 0.033 -0.001 -0.079 0.004 -0.16 -1.62 

Tusas Mountains -0.060 -0.099 -0.306 0.031 -0.040 -0.078 -0.051 -0.202 0.037 -0.022 -0.225 0.112 -0.90 -9.03 

Jemez Mountains -0.027 0.000 -0.053 0.018 -0.035 -0.007 -0.023 -0.014 -0.023 0.021 -0.050 0.048 -0.15 -1.45 

All Mountain Sites -0.009 -0.007 -0.085 0.009 -0.043 -0.041 -0.019 -0.031 -0.001 0.001 -0.087 0.048 -0.27 -2.65 

Upper Rio Grande -0.004 0.001 0.000 0.011 -0.014 -0.009 -0.011 0.008 0.011 0.000 -0.020 0.000 -0.03 -0.27 

Rio Chama / Jemez 
Valleys 

-0.006 0.004 -0.015 0.029 -0.017 -0.011 0.010 0.001 0.001 0.009 -0.028 0.020 0.00 -0.03 

Middle Rio Grande -0.009 -0.005 0.000 0.000 -0.011 0.001 0.017 -0.039 -0.024 -0.004 -0.011 0.003 -0.08 -0.82 

Plains -0.005 -0.003 0.000 0.000 0.000 0.003 0.000 -0.004 -0.033 0.017 -0.023 0.014 -0.03 -0.34 

All Valley Sites -0.006 0.000 -0.001 0.005 -0.011 -0.003 0.004 -0.007 -0.007 0.002 -0.019 0.007 -0.04 -0.36 

Region (All Sites) -0.006 -0.001 -0.010 0.006 -0.016 -0.009 -0.001 -0.011 -0.006 0.002 -0.028 0.012 -0.07 -0.68 

 Tan (underline): Increasing, with correlation significant at 90% (0.1) confidence level. 
 Purple (underline): Decreasing, with correlation significant at 90% (0.1) confidence level. 
 *Significance not calculated. 
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Mountain and valley regions responded differently to warming. Mountain Tavg 

increased at a rate of 0.37°C (0.67°F) per decade over the period 1971 through 

2012. This change was driven by increases in nighttime minimum temperatures 

(Tmin) of 0.67°C (1.21°F) per decade that were significant in every month but 

February. Daytime high temperatures (Tmax) rose at the slow rate of 0.14°C 

(0.25°F) decade, and this trend was not significant in most areas. By contrast, 

valley Tavg temperatures increased at a rate of 0.39°F (0.33°C) per decade over 

the period 1971 through 2012, driven by both increases in Tmax (0.34°C 

[0.61°F]) per decade) and Tmin (0.28°C [0.50°F] per decade). At valley sites, 

increases in May through September temperatures were statistically significant, 

increasing at a rate of 0.3 to 0.5°C (0.54 to 0.90°F) per decade in these months. 

Among the mountain sites, temperature increases were greatest at the four sites 

in the Tusas Mountains, where Tavg increased at a rate of 0.81°C (1.46°F) per 

decade, driven by increases in Tmin at a rate of1.39°C (2.50°F) per decade. 

The San Juan and Sangre De Cristo Ranges saw temperatures increase at 

approximately half this rate. Further south in the Jemez Mountains, temperatures 

increased at about a quarter of the rate of the Tusas Mountains. 

Among valley sites, the rates of temperature increase were greatest for sites in the 

Middle Rio Grande than elsewhere, with Middle Rio Grande Tavg increasing at a 

range of 0.49°C   (0.88°F) per decade from 1971 through 2012, with comparable 

increases in both Tmin and Tmax. On the plains, Tmin was unchanged over this 

period, but Tmax increased by 0.47°C (0.85°F) per decade, the fastest increase in 

Tmax among the regions studied. 

II.B.  Monthly and Seasonal Trends 

The rates of increase in Tmin, reflecting warming of overnight temperatures, are 

significant for most months in most mountain regions. February is the only month 

where change is positive but consistently not significant. The rate of increase in 

Tmin is significant across all spring (April, May, June) and summer (July, 

August, September) months. By contrast, changes in mountain Tmax are smaller. 

February shows a declining trend in Tmax across all four mountain regions. 

Strong, positive increases in Tmax occur in November, which also shows a strong 

increase in Tmin as well as statistically-significant declining precipitation trends 

across all mountain regions. Precipitation also declined significantly in March in 

all mountain areas except the Sangre de Cristo Mountains, which coincides with 

statistically-significant increases in Tmin but not Tmax. The increasing Tmin and 

decreasing precipitation in March and November are important because these 

contribute to a longer growing season and decreased period of snowpack 

accumulation in winter months. 

Valley regions exhibit statistically significant increases in late spring (May and 

June) and summer temperatures: a rate of about 0.3 to 0.5°C (0.5 to 0.9°F)/decade 
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in both Tmin and Tmax occurs across all valley sites in spring and summer 

months. Rates of increase in fall and winter Tmax are comparable (except for 

February), but the rate of increase in Tmin is lower (0 to 0.4°C [0 to 0.72°F]) per 

decade). As with mountain areas, the trend of decreasing precipitation in 

November is significant across the region (except in the Middle Rio Grande), and 

coincides with a rate of increase in Tmax of  0.3 to 0.7°C (0.54 to 1.26°F) per 

decade. The rate of increase in Tmin in November is smaller (0 to 0.35°C [0 to 

0.63°F] per decade) in valley sites, and the rate of change in Tmin is negative on 

the plains. 

The monthly patterns of change for mountain and valley Tmin are similar, but 

differ in magnitude. Two factors may be at play. Valley Tmin is affected by cold 

air drainage; under warming, nighttime inversions may be becoming more 

frequent (Daly et al. 2010) and this may reduce the rate of gain in valley Tmin. By 

contrast, warming in mountain areas in the presence of soil moisture or snowpack 

contributes to daytime evaporation of that moisture; condensation under cooler, 

nighttime temperatures releases heat in the atmosphere and may contribute to 

faster nighttime warming in higher altitude settings, particularly in winter 

(Rangwala 2012). 

The rate of temperature change (degrees/decade) was not constant over the period 

1971 through 2012 (Table 7). This was assessed by computing the Regional 

Mann-Kendall test for two periods: 1971 through 2000 and 2001 through 2012 for 

both mountain and valley sites in aggregate. In the first 30 years of this period, 

1971 through 2000, positive rates of change in Tmax, Tmin, and, therefore, Tavg 

occurred across mountain sites, valley sites, and the region as a whole. The rate of 

increase in Tmin was larger than the gains Tmax for both mountains and valleys. 

 

 

Table 7.—Median Rates of Temperature Change (°C per Decade) for 
Different Time Periods 

 
Early 1971-2000 Late 2001-2012 1971-2012 

Tmax 

Mountains 0.17 0.39 0.14 

Valleys 0.25 -0.13 0.34 

Region 0.22 0.25 0.25 

Tmin 

Mountains 0.62 1.75 0.67 

Valleys 0.36 -0.38 0.28 

Region 0.42 0.75 0.37 

Tavg 

Mountains 0.42 1.07 0.37 

Valleys 0.39 -0.07 0.33 

Region 0.36 0.07 0.35 
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In the 11 years beginning in 2001, the trend in Tmax (-0.13 °C [-.23°F] per 

decade) and Tmin (-0.38°C [-0.68°F] per decade) has been negative in valley 

areas. By contrast, mountain regions have been characterized by accelerated 

increase in rates of warming: Tmax rose from 0.17°C (0.31°F) per decade to 

0.39°C (0.70°F) per decade while the rate of increase in Tmin went from 0.62°C 

(1.12°F) per decade over 1971 through 2000 to 1.75°C (3.15°F) per decade over 

the period 2001 through 2012. It is not clear why the direction of temperature 

varies by topographic position. 

III.  Comparison of Observed Rates of 
Temperature Change 

Temperature rises observed in this study are comparable to two other regional 

studies (Figure 2, Figure 3, and Figure 4). Tebaldi et al. (2012) use linear 

regression with HCN data to estimate the rate of change in temperature for the 

period 1912 through 2011 as compared to the period 1970 through 2011 for the 

states of New Mexico and Colorado. For New Mexico, the rate of change in Tavg 

from 1912 through 2011 was 0.10°C (0.177°F) per decade and for Colorado, 

0.13°C (0.225°F) per decade. For New Mexico, the rate of change in Tavg from 

1970 through 2011 was 0.34°C (0.603°F) per decade, more than three times as 

fast as the century average. Over this shorter period, the rate of increase in 

Colorado was 0.27°C (0.483°F) per decade. The same accelerating pattern occurs 

in the Tmax and Tmin data taken separately (Tebaldi et al. 2012). 

 
 

Figure 2.—Comparison of rates of observed change in Tavg with values reported in 
Rangwala and Miller 2010 and Tebaldi et al. 2012. 
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Figure 3.—Comparison of the rates of observed change in Tmax with values 
reported in Rangwala and Miller 2010 and Tebaldi et al. 2012. 

 

 

 

 

 

Figure 4.—Comparison of the rates of observed change in Tmin with values 
reported in Rangwala and Miller 2010 and Tebaldi et al. 2012. 
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In the San Juan Mountains and adjacent valleys for the period 1990 through 2005, 

Rangwala and Miller (2010) find an average warming of nearly 1°C (1.8°F) 

across a combination of COOP and SNOTEL site data. Tmin and Tmax increase 

at approximately the same rate. Warming at high elevation SNOTEL sites was 

gradual over the period, but occurred primarily from 1995 through 2000 at the 

lower elevation COOP sites, with negligible change in temperature at low 

elevations after 2000. The authors conclude that the spring and summer warming 

in the San Juan Mountain region from 1995 through 2005 is unprecedented, but 

winter warming is not outside the range of variation. Parsing the data into 

progressively shorter intervals shows a pattern of accelerated change since 1931 

(Table 8). 

 

 

Table 8.—Trends (°C per Decade) in Climate Change in the San Juan Mountains 
(modified from Table 1, Rangwala and Miller 2010) 

Time Period (Sites) Tavg Tmax Tmin 

1931-2005 (NWS COOP) 0.08 -0.02 0.17 

1956-2005 (NWS COOP) 0.16 0.11 0.20 

1976-2005 (NWS COOP) 0.45 0.44 0.51 

1990-2005 (NWS COOP) 1.03 1.15 0.87 

1990-2005 (SNOTEL) 1.00 0.94 1.04 

 Tan (underline): increase significant at the 90% (0.1) confidence level (Mann-Kendall test). 

 

 

The trends in Tavg, Tmin, and Tmax in low elevation settings in the Upper 

Rio Grande are comparable to those observed by Tebaldi et al. (2012) for the 

period after 1970, reflecting overlapping datasets. Although the rate of change in 

Upper Rio Grande mountain Tavg is similar between the two studies, there are 

large differences in Tmin and Tmax. Mountain Tmax in the Upper Rio Grande 

is increasing at the relatively slow rate of 0.14°C (0.25°F) per decade, 

approximately 1/3 the rate of the Tebaldi et al rate of 0.38°C (0.68°F) per decade 

in New Mexico and 0.29°C (0.52°F) per decade in Colorado. Upper Rio Grande 

mountain Tmin grew at twice the rate of Tmin increase observed in the Tebaldi 

et al. (2012). 

 

For a broader region encompassing the entire San Juan Mountain Range,  

Rangwala and Miller (2010) investigated temperature trends using a similar mix 

of SNOTEL and COOP sites as used in this study, and also computed trends using 

the Thiel-Sen nonparametric slope estimator. The 30-year trend (1976 through 

2005) for NWS COOP data in their study area yielded trends slightly larger than, 

but comparable to the results of this study. However, the trend estimates for 

Rangwala and Miller’s high elevation SNOTEL sites are much larger than  
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observed in this study. Interestingly, they observe no strong differences in rates of 

increase in Tmin and Tmax in the data from the San Juan Mountains SNOTEL 

sites. 

The rate of temperature change in the Upper Rio Grande is approximately double 

that of the world as a whole. A recent study observed a global trend of 0.16°C 

(0.29°F) per decade for the period 1980 through 2011, and 0.18°C (0.32°F) per 

decade for 1990 through 2011 (Foster and Rahmstorf 2011 and  Rahmstorf et al. 

2012). The observed rate of warming in the Upper Rio Grande basin appears to be 

in alignment with climate model projections for continental interior regions such 

as the Southwestern United States under warming scenarios. 

IV.  Comparison of Observed Trends with 
Model Projections 

Comparison of observed trends with model projections provides a means of 

assessing the significance of current rates of change, should they continue, with 

respect to responses of the natural environment. Observed trends in annual 

temperature are compared to trends projected by models for areas encompassing 

the Upper Rio Grande (Table 9). 

 

The rates of future change in stream flow and vegetation models depend on the 

rates of change in the climate model(s) driving them. In other words, projections 

of vegetation and stream flow change for particular decades make critical 

assumptions about the rate of future change in temperature and precipitation. In 

short, vegetation and streamflow display a given sensitivity
3
 to a given amount of 

temperature and precipitation change—changing faster if under faster climate 

change and slower under slower rates of climate change. Thus, it is important to 

understand how fast climate is actually changing relative to climate model 

projections to better understand the likely rates of resulting environmental change. 

If temperatures in the Upper Rio Grande basin continue to rise at the rate of the 

forty years, average warming for the period 2010 through 2039 would be 0.86°C 

(1.55°F); net warming by 2050 would be 1.94°C (3.49°F). This is the second 

highest observed range of change among published studies. Observed rates of 

change, when multiplied out, are approximately in the middle of the range of 

model estimates of future warming, reaching approximately 1.75°C (3.15°F) by 

2050 and 3.5°C (6.3°F) by 2100. 

 

                                                 
     

3
 The amount of response to a stimulus of a given magnitude – in this case, a 1°C temperature 

change is anticipated in a particular model to result in so much change in evaporation, soil 

moisture, plant growth, etc.  
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Table 9.—Observed Rates of Change vs. Model Projections in °C 

Area Source 

Tavg 
Change 

(°C/decade) 

Tavg 
2010-
2039 
(°C) 

Tavg 
2020-
2039 
(°C) 

Tavg 
2041-
2070 
(°C) 

Tavg 
2050 
(°C) 

Change 
in 

precip. 
(%) Notes 

Model Projections (SRES scenario) 

Rio Grande Basin 
(A1B) 

Hurd and Coonrod 
(2007) 

-- -- 2.35 -- -- -9.07 
Dry model, baseline 1971-2000 

Rio Grande Basin 
(A1B) 

Hurd and Coonrod 
(2007) 

-- -- 1.27 -- -- -0.03 
Medium model, baseline 1971-2000 

Rio Grande Basin 
(A1B) 

Hurd and Coonrod 
(2007) 

-- -- 2.31 -- -- 0.97 
Wet model, baseline 1971-2000 

New Mexico (A1B) Gutzler et al. (2006) 0.30 0.75 0.90 1.65 -- -- At least 3°C by 2100 ≈0.30C/decade 

Colorado (B1, A2B, 
A2) 

Ray et al. (2008) -- -- -- -- 1.4 -- 
Low estimate, baseline 1950-1999 

Colorado (B1, A2B, 
A2) 

Ray et al. (2008) -- -- -- -- 3.1 -- 
High estimate, baseline 1950-1999 

Upper Colorado River 
Basin (B1) 

Ray et al. (2008) -- -- 1.30 -- -- 1.00 
Difference, baseline period vs. 2020-2039 

Upper Colorado River 
Basin (A2) 

Ray et al. (2008) -- -- 1.20 -- -- 1.00 
Difference, baseline period vs. 2020-2039 

San Juan Mountains 
(A2) 

Cozzetto et al. 
(2011) 

-- -- -- 2.95 -- -6.75 
Median values of model runs 

Observed Trends 

New Mexico and 
Colorado 

Tebaldi et al. 
(2012) 

0.12 0.29 0.35 0.67 0.60 -- 
Average of rates for NM and CO HCN 
sites, 1912-2011. 

New Mexico and 
Colorado 

Tebaldi et al. 
(2012) 

0.31 0.76 0.91 1.72 1.55 -- 
Average of rates for NM and CO HCN 
sites, 1970-2011. 

San Juan Mountains 
 Rangwala and 

Miller 2010 
0.45 1.10 1.33 2.50 2.25 -7.56 

Average of rates for NWS sites, 1976-
2005. 

Upper Rio Grande This report 0.35 0.86 1.03 1.94 1.75 --- 
Across all HCN, COOP and SNOTEL sites, 
1971-2012. 
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The observed regional trend is in line with the most recent North American 

Regional Climate Change Assessment Program model projections used in the 

2013 National Climate Assessment (U.S. Global Change Research Program 

[USGCRP] 2013). These models project that the Upper Rio Grande area will 

warm by 4.1 to 4.9°C (7.5 to 8.5°F) by 2070 through 2099 under the A2 (high 

emissions) scenario and by 2.5 to 3.1°C (4.5 to 5.5°F) by 2070 through 2099 

under the B1 (low emissions) scenario. 

V.  Discussion 

The observed trends in temperature indicate warming is occurring at the middle 

end of model projections. However, whether the true average regional rate of 

change is 0.35°C (0.63°F)/decade, or higher as some models project, warming of 

1 to 2.5°C (1.8 to 4.5°F) by 2040 is likely to exert profound changes on every part 

of the landscape and is likely to cause significant changes to the availability and 

quality of surface and ground water in the region. Warming in early spring and 

late fall contributes to an expansion of the growing season and, therefore, greater 

transpiration demand and more demand for soil moisture. Declines in soil 

moisture are likely to contribute to altered fire regimes and changes in vegetation 

communities, changes that are likely to alter existing rainfall-runoff relationships. 

Concomitant changes to flood frequency curves and other relationships are likely, 

with increases in both the frequency of low flow and highest flow years. The 

current rate of warming exceeds the rate of warming at the end of the last Ice Age 

(15,000 years ago), and, as during that time, the changes are widely expected to 

contribute to both species and habitat loss on both global and local scales. 

Although mitigation measures may yet reduce net warming by 2100, significant 

reductions in anticipated warming by 2030 or 2040 are much less likely as much 

of the warming that will occur in this time frame will be due to greenhouse gases 

already in the atmosphere. Thus, adaptation will likely be necessary to address 

climate changes in a region that is likely to be 1 to 2.5°C (1.8 to 4.5°F) warmer by 

2040. 
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Mission Statements 
 
The U.S. Department of the Interior protects America’s 
natural resources and heritage, honors our cultures and 
tribal communities, and supplies the energy to power our 
future. 
 
The mission of the Bureau of Reclamation is to manage, 
develop, and protect water and related resources in an 
environmentally and economically sound manner in the 
interest of the American public. 
 
The U.S. Army Corps of Engineers Mission is to deliver 
vital public and military engineering services; partnering 
in peace and war to strengthen our Nation’s security, 
energize the economy and reduce risks from disasters. 
 
Sandia Laboratory Climate Security program works to 
understand and prepare the nation for the national security 
implications of climate change. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Acronyms and Abbreviations 

ABCWUA  Albuquerque Bernalillo County Water Utility Authority  
 
BCSD  Bias Correction and Spatial Disaggregation  
 
CDF  cumulative distribution functions  
 
cfs  cubic feet per second  
 
CMIP3 Coupled Model Intercomparison Project Phase 3  
 
dd decimal degree 
 
GCM General Circulation Models  
 
IPCC  Intergovernmental Panel on Climate Change  
 
MRGCD  Middle Rio Grande Conservancy District  
 
RCM  Regional Climate Models  
 
URGSiM  Upper Rio Grande Simulation Model 
 
URGWOM  Upper Rio Grande Operations Model  
 
VIC Variable Infiltration Capacity (hydrologic model) 
 
WCRP  World Climate Research Programme 
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I.  Document Purpose and Organization 
In this Appendix, we describe the methods used to generate the hydrologic 
projections presented in the Upper Rio Grande Impact Assessment (URGIA) from 
global climate models. Specific activities performed as part of this project 
include: 
 
Development of projections of hydrologic impacts of climate change through 
2100, according to the procedure shown in Figure 1: 

• Downscaling of temperature and precipitation projections from global 
climate models to a spatial scale relevant for regional planning. 

• Performance of hydrologic modeling to develop specific projections of 
streamflow within this basin.  

• Use of these streamflow projections to simulate future operations of 
Reclamation projects and related Federal and non-Federal activities and 
infrastructure in the basin with the available water supplies and anticipated 
demands to develop a picture of future changes in water supply and 
demand that can be expected as a result of climate change alone. 

 

 
Figure 1.—Modeling and analytical steps involved in developing local hydrologic 
projections. 
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Details describing the methods employed in each of these steps, along with 
uncertainties associated with the methods, are provided in this Appendix. 

The Upper Rio Grande Impact Assessment is purposefully conducted in a manner 
that assesses the potential impacts of climate change alone, and does not attempt 
to project what future development or management actions may be, including how 
population may change , how power generation may evolve, or how land use, 
including the amount and type of irrigated agriculture, may change. While factors 
such as these will undoubtedly be affected by climate change, they are also 
changing due to societal factors that are independent of climate change. 

II.  General Description of Climate Change 
Projections 

The state of practice for evaluation of the long-term availability of water supply is 
to incorporate a range of approaches to characterize past and projected climate. 
The approaches may include use of paleo-conditioned climate data and use of 
projections from General Circulation Models (GCMs). Paleo-conditioned climate 
and hydrology data include data developed from studies of tree rings, pollen, ice 
cores, ocean and lake sediments, stable and radioisotopes, and other long-term 
climatic records to capture the natural climate variability over thousands of years, 
which may exceed the range of variability found in the instrumental record. This 
information is evaluated statistically to characterize the uncertainties in climatic 
conditions. Projections of future climate changes through the use of GCMs have 
been steadily increasing in sophistication and complexity over the past several 
decades, and this is approach taken in the URGIA. 
 
The World Climate Research Programme (WCRP) Coupled Model 
Intercomparison Project Phase 3 (CMIP3) (Meehl et al. 2007) produced multiple 
20th through 21st century climate projections for the Intergovernmental Panel on 
Climate Change (IPCC) Forth Assessment Report (IPCC 2007). These climate 
projections are based on an assemblage of GCM simulations of coupled 
atmospheric and ocean conditions, with a variety of initial conditions of global 
ocean-atmosphere system, and four distinct “storylines” about how future 
demographics, technology and socioeconomic conditions might affect the 
emissions of greenhouse gases. The four families of emissions scenarios (A1, A2, 
B1 and B2) are described in the IPCC Special Report on Emissions Scenarios 
(IPCC 2000), which states that the scenarios are potential futures based on 
assumptions of global economic activity and growth. Corresponding carbon 
dioxide (CO2) emissions and atmospheric concentrations for some of the 
emissions scenarios are shown in Figure 2 below. 
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Figure 2.—Carbon dioxide emissions and atmospheric concentrations for some 
emission scenarios. 
 
 
The development of climate projections by the World Climate Research 
Programme and an associated assessment report by the IPCC is a recurring 7-year 
process. The next generation of climate projections under the Coupled Model 
Intercomparison Project Phase 5 (CMIP5) has been developed at the time of 
completion of the URGIA, and the development of the next assessment report 
(Fifth Assessment Report, or AR5) is underway. Although the most recent suite of 
climate projections based on the CMIP5 models use a different approach for 
representing future greenhouse gas emissions, and in many cases the GCMs have 
improved representations of the physical atmospheric ocean system, projections 
based on CMIP Phase 3 are still widely used in impact assessments and remain a 
valid approach for evaluating climate change impacts. 
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The spatial resolution of the GCM climate projections is typically on the order of 
1-2 degrees of latitude/longitude, which is too coarse for use in regional and 
project-scale planning because finer scale geographic features, which may 
significantly influence local climate, are not represented. Also, GCM output is 
generally archived on a monthly timescale, adding to the limitations of its use for 
water resources planning studies. Therefore, projections of finer scale regional 
conditions require a method of downscaling GCM projections in both space and 
time. Typical downscaling methods include: dynamical, which uses Regional 
Climate Models (RCM) that are based on boundary conditions defined by GCMs; 
and statistical, which uses statistical techniques to relate finer-scale regional 
climate characteristics to larger scale GCM projections. Although dynamical 
downscaling is increasingly used as a methodology for producing climate 
projections, it is computationally intensive, which makes it prohibitive for many 
long-term planning studies. Therefore, the URGIA relies on the statistical 
downscaling approach for developing future local climate projections. 
 
Statistical methods have been widely applied to produce spatially-continuous 
fields of temperature and precipitation at fine scales (< 10 miles) covering the 
entire United States. Reclamation, in cooperation with Lawrence Livermore 
National Laboratory, Santa Clara University, Climate Central, and the Institute 
for Climate Change and its Societal Impacts, has developed an archive of 
112 monthly and daily statistically downscaled projections of temperature and 
precipitation based on CMIP Phase 3, using the Bias Correction and Spatial 
Disaggregation (BCSD) technique of Wood et al (2002). These projections cover 
the entire United States at 1/8 degree spatial resolution (12 kilometers) for the 
period from 1950 through 2099. These projections were produced from results of 
16 different CMIP3 GCMs, simulating 3 different emissions scenarios (A2 [high 
emissions], A1B [moderate emissions], B1 [low emissions]) along with various 
assumptions about initial ocean – atmosphere conditions. A detailed description 
of the BCSD method is contained in Reclamation’s West-Wide Climate Risk 
Assessments: Bias-Corrected and Spatially Downscaled Surface Water 
Projections (Reclamation 2011c). 
 
Streamflow simulations based on projections of future climate using the BCSD 
approach described above were performed using the Variable Infiltration Capacity 
(VIC) Model. The VIC model (Liang et al. 1994, Liang et al. 1996, and Nijssen 
et al. 1997) is a spatially distributed hydrologic model that solves the water 
balance at each model grid cell. It has been widely used in large scale hydrologic 
studies across the globe to explore the implications of climate change on water 
and related resources. 
 
To produce future projections of streamflow consistent with the above described 
statistically downscaled climate projections, the VIC model is applied once for  
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each set of temperature and precipitation projections associated with a GCM and 
emissions scenario combination. The described routing model generates simulated 
natural streamflow over the period 1950 through 2099, consistent with the time 
period for transient (or BCSD) climate projections. 
 
It should be noted that transient streamflow projections such as those developed 
here are most useful if analyzed at a monthly timestep, as was done in this study. 
Daily time-step realizations from BCSD downscaling have been found to 
frequently contain unrealistic daily precipitation estimates, especially at smaller 
spatial scales of interest in water resources planning. 
 
Similar to the concept and process previously described for removing systematic 
biases in GCM simulations, a bias correction procedure was applied to remove 
systematic biases in natural streamflow simulated by the VIC model. Bias-
correction techniques may be applied at locations where reconstructed observed 
natural streamflows exist. These techniques produce flows that very closely match 
the long-term statistics and time series behavior of a natural or modified flow 
dataset for a particular site. The bias corrected monthly values are then used to 
rescale the simulated daily flow sequences produced by the hydrologic model to 
produce bias corrected daily streamflows. 
 
These bias-corrected streamflow projections from the VIC model were used as 
input to the Upper Rio Grande Simulations Model (URGSiM) to simulate the 
effects of local water operations on the projected available water. URGSiM uses 
hydrologic and climatic inputs to simulate the movement of surface water and 
ground water through the Upper Rio Grande system from the San Luis Valley in 
Colorado to Caballo Reservoir in southern New Mexico, including:  
 

• Rio Chama and Jemez River tributary systems 

• Española, Albuquerque, and Socorro regional groundwater basins. 

URGSiM simulates operations in nine surface reservoirs, interbasin transfers from 
the Colorado River Basin to the Rio Grande Basin (via Reclamation’s San Juan-
Chama Project), and agricultural diversions and depletions in the Chama, 
Española, and Middle Rio Grande valleys (most of which occur via irrigation 
infrastructure originally built by Reclamation as part of the Middle Rio Grande 
Project). Table 1 lists key information associated with the reservoirs included in 
URGSiM. 
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Table 1.—Reservoirs Simulated in URGSiM 

Reservoir River System 

Modeled 
Capacity  

(acre-feet) Primary Manager Primary Purposes 
Heron Willow Creek, (Rio Chama) 401,300 Reclamation Storage 
El Vado Rio Chama 195,440 Reclamation Storage 
Abiquiu Rio Chama 1,198,500 USACE Flood Control and 

Storage 
Nichols and McClure Santa Fe River 3,940 City of Santa Fe Storage 
Cochiti Rio Grande 589,159 USACE Flood Control 
Jemez Jemez River 262,473 USACE Flood and Sediment 

Control 
Elephant Butte Rio Grande 2,023,400 Reclamation Storage 
Caballo Rio Grande 326,670 Reclamation Reregulation 

 
 
The Upper Rio Grande Simulation Model (URGSiM) uses monthly flow, 
precipitation, and temperature (minimum and maximum) to simulate 
evapotranspiration and crop water requirements. These variables are generated 
from the historical VIC simulation (using the Maurer et al. 2002 dataset) and 
future VIC projections. 

III.  Processing of Climate Projections from 
General Circulation Models 

III.A.  Description of BCSD Approach 

The BCSD approach involves statistical bias correction of GCM simulations of 
temperature and precipitation at the GCM spatial scale and monthly time step and 
spatial downscaling from the GCM spatial scale to the regional scale of interest. 
An additional step to disaggregate monthly timestep data to daily may be applied 
but is not part of the analysis for the URGIA. The approach is described in further 
detail below. 
 
Statistical bias correction is carried out by first aggregating gridded the 
temperature and precipitation observations (in this case the using the dataset 
developed by Maurer et al 2002) to the GCM spatial scale and then using quantile 
mapping techniques to remove the systematic bias in the GCM simulations 
(Wood et al. 2002). Quantile mapping techniques work by creating a one-to-one 
mapping between two cumulative distribution functions (CDF): one based on the 
GCM simulations and the second based on the aggregated observations. Through 
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this procedure, the GCM simulations inherit the same CDF as the aggregated 
observations over the historical period used for quantile mapping. The output of 
this process is a bias corrected version of the large scale GCM monthly time 
series for temperature and precipitation for the entire GCM monthly time series 
(from 1950 through 2099 in this study). This process assumes that GCMs have a 
consistent bias over their historical simulation period and future simulation 
period. 
 
After large-scale bias correction of monthly temperature and precipitation at 
GCM spatial scale over the chosen historical period, values at the GCM grid scale 
are interpolated to the fine scale grid (1/8th degree scale in this study). These 
values are then scaled to produce the fine-scale spatial variability of the gridded 
observations. 
 
After spatial disaggregation of bias-corrected monthly climate projections, the 
monthly projection time series at each grid cell are temporally disaggregated 
to the daily time scale by a random sampling of observed daily variability 
represented by a carefully screened set of relatively wet months. The choice of 
relatively wet conditions as the basis of the temporal downscaling step is intended 
to minimize the occurrence of a relatively wet month being paired to a relatively 
dry daily time series at the grid scale, which can create unrealistically large daily 
precipitation values. In the most recent version of the code that is used here, an 
arbitrary ceiling of 150 percent of the observed maximum precipitation value for 
each cell is also imposed by “spreading out” very large daily precipitation values 
into one or more adjacent days. The value of precipitation for the month is 
preserved, however. 
 
The result of the statistical downscaling process is a suite of monthly and daily 
climate projections that can inform a long-term planning study. In the URGIA, the 
daily climate projections are used as input into a hydrology model to generate 
similar projections of water balance variables and natural streamflow at select 
locations in the basin. 

III.B.  Development of Runoff and Streamflow 
Projections 

III.B.1.  The Variable Infiltration Capacity (VIC) Model 

Streamflow simulations based on projections of future climate using the BCSD 
approach (described above) were performed using the VIC Model. The VIC 
model (Liang et al. 1994, Liang et al. 1996, and Nijssen et al. 1997) is a spatially 
distributed hydrologic model that solves the water balance at each model grid cell. 
It has been widely used in large scale hydrologic studies across the globe and to 
explore the implications of climate change on water. The model configuration 
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used here is consistent with that used in the Reclamation’s West-wide Climate 
Risk Assessment (Reclamation 2011c). Namely, we apply VIC model version 
4.0.7 to simulate surface runoff and baseflow per model grid cell. 
 
The model is driven by daily weather forcings of precipitation, maximum and 
minimum air temperature, and wind speed. Additional model forcings that drive 
the water balance, such as solar (short-wave) and long-wave radiation, relative 
humidity, vapor pressure, and vapor pressure deficit, are calculated within the 
model. The VIC model contains a subgri scale parameterization of the infiltration 
process and also represents subgri scale vegetation variability using multiple 
vegetation types and properties per grid cell. Potential evapotranspiration is 
calculated using a Penman Monteith approach (e.g., Maidment 1993). VIC also 
contains a subdaily (1-hour time step) snow model (Cherkauer and Lettenmaier 
2003, Wigmosta et al. 1994, and Andreadis et al. 2009). 
 
The streamflow routing model developed by Lohman et al. (1996) is implemented 
to translate grid scale runoff and baseflow produced by the VIC model to natural 
streamflow at select locations in a river channel network. Natural flows are 
defined as streamflows that would exist in the absence of diversions and return 
flows resulting from human activities. 
 
The VIC model has been successfully applied over snowmelt dominated 
watersheds. Simulated snowpack (e.g., Andreadis et al. 2009) and simulated 
routed natural flow (e.g., Payne et al. 2004) have been shown to reproduce 
observations in mountainous regions across the Western U.S. Simulations over 
larger river basins, as opposed to small subwatersheds, tend to perform better 
due to the integration of biases that may exist in smaller subwatersheds 
(e.g. misrepresentative climate inputs). Due to the applied VIC model spatial 
resolution, the model may not appropriately represent physically processes that 
occur at finer spatial scales. 
 
The VIC model has a 3 layer presentation of the soil column, and the bottom-most 
layer is representative of shallow baseflow. The model does not have the 
capability to simulate detailed surface water/groundwater dynamics that may be 
significant in some regions. As such, the VIC model is limited in its ability to 
successfully simulate natural streamflow in river basins with significant 
groundwater influence. 

III.B.2.  Streamflow Projections for the Upper Rio Grande Basin 

To produce future projections of streamflow consistent with the above described 
statistically downscaled climate projections, the VIC model is applied once for 
each set of temperature and precipitation projections associated with a GCM and 
emissions scenario combination. The described routing model generates simulated  
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natural streamflow over the period 1950 through 2099, consistent with the time 
period for transient (or BCSD) climate projections. The following section 
describes how developed streamflow projections from the VIC model are used 
as input to the Upper Rio Grande Operations Model (URGWOM). 
 
It should be noted that transient streamflow projections such as those developed 
here are most useful if analyzed at a monthly time step. Daily time step 
realizations from BCSD downscaling have been found to frequently contain 
unrealistic daily precipitation estimates, especially at smaller spatial scales of 
interest in water resources planning. These artifacts of the downscaling approach 
can occur, for example, when a relatively wet future condition is paired at specific 
grid locations with a relatively dry month used for daily disaggregation. In effect, 
a few isolated storms in the dry month are made much larger to reflect the 
relatively wet month from the GCM simulation. Although the version of the 
BCSD code used in this study places some quantitative (but essentially arbitrary) 
limits on increases in daily precipitation during the temporal disaggregation step, 
the effects on daily precipitation must be interpreted with caution. 

III.C.  Development of Crop Water Demand Projections 
(URGSiM) 

URGSiM uses monthly flow, precipitation, and temperature (minimum and 
maximum) to simulate evapotranspiration and crop water requirements. These 
variables are generated from the downscaled GCMs and VIC simulations. 
URGSiM uses a Hargreaves-based Reference Evapotranspiration (ETo) equation,  
in combination with crop coefficients for five vegetation types from the Food and 
Agriculture Organization of the United Nations Irrigation and drainage paper 56 
(FAO-56; Allen et al. 1998).  For further information on development of crop 
requirements in URGSiM, see Appendix E. 

Historical climate as well as climate projections (temperature and precipitation), 
used by URGSiM, were generated for each station listed in Table 2. Historical 
climate covers a time period from 1950 through 1999. The climate projections 
using the BCSD approach cover a time period from 1950 through 2000. 
 
Table 3 summarizes URGSiM nodes which require monthly streamflow inputs. 
Historical simulated as well as projected natural streamflows generated by the 
VIC model (and subsequent routing model) are bias corrected using the approach 
described in the previous section. Bias corrected monthly flows are then used as 
inputs to URGSiM. 
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Table 2.—Meteorological Stations Used in the 
URGSiM Analysis 

ID Name 

NM9999 Heron Reservoir 

NM2837 El Vado Dam 

NM0041 Abiquiu Dam 

NM1630 Cerro 

NM0245 Alcalde 

NM3031 Española 

NM1982 Cochiti Dam 

NM6693 Pena Blanca 

NM4366 Jemez Reservoir 

NM9999 Angostura 

NM0231 Albuquerque Bosque 

NM0234 Albuquerque Airport 

NM5147 Los Lunas 

NM9999 Jarales 

NM0915 Bernardo 

NM0640 Socorro 

NM9999 Bosque del Apache (BDA) North 

NM1138 Bosque del Apache 

NM2848 Elephant Butte Dam 

NM1286 Caballo Dam 

NM0131 New Mexico State University 
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Table 3.—VIC Nodes Used in the URGSiM Analysis 

VIC Node Description 

LOBAT Rio Grande near Lobatos, CO 

CERRO Rio Grande near Cerro NM 

QUEST Red River below Fish Hatchery near Questa, NM 

RPUEB Rio Pueblo de Taos below Los Cordovas, NM 

EMBCK Embudo Creek at Dixon, NM 

RBLNC Rio Blanco below Blanco, CO 

LNAVA Little Navajo River below Little Oso Dam, CO 

NAVAJ Navajo River below Oso CO 

GALIS Galisteo Creek below Galisteo Dam, NM 

JEMEZ Jemez River near Jemez, NM 

NFCAL North Floodway Channel near Alameda, NM 

TIJER Tijeras Arroyo near Albuquerque, NM 

SDIVC South Div. Channel above Tijeras Arroyo near Albuquerque, NM 

PUERC Rio Puerco near Bernardo, NM 

CCNGC Costilla Creek near Garcia, CO 

RCNLP Rio Chama near La Puente, CO 

ROCLM Rio Ojo Caliente at La Madera, NM 

RNNFD Rio Nambe below Nambe Falls Dam near Nambe, NM 

SFRCL Santa Fe River above Cochiti Lake, NM 

CORNM Conejos River near Mogote, CO 

LPRNO Los Pinos River near Ortiz, CO 

SARAO San Antonio River at Ortiz, CO 

RGNDN Rio Grande near Del Norte, CO 

III.D.  Bias Correction of Routed Streamflow 
Projections 

Similar to the concept previously described for removing systematic biases in 
GCM simulations, a bias correction procedure using quantile mapping techniques 
was applied to remove systematic biases in natural streamflow simulated by the 
VIC model. One example of a systematic bias in the VIC model relates to its 
inability to accurately simulate groundwater-surface water interactions in those 
watersheds which are heavily influenced by groundwater. The Upper Rio Grande 
watershed is an excellent example of this type of river basin. 
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Bias-correction techniques may be applied at locations where reconstructed 
observed natural streamflows exist. These techniques produce flows that very 
closely match the long-term statistics and time series behavior of a natural or 
modified flow dataset for a particular site. The bias corrected monthly values are 
then used to rescale the simulated daily flow sequences produced by the 
hydrologic model to produce bias corrected daily streamflows. This technique 
introduces sometimes an undesirable discontinuity in the bias corrected daily 
values from the end of the month to the beginning of the next month. To minimize 
this artifact between months, boundaries between months are smoothed while 
keeping sum of daily streamflow equal to monthly value. Although the time series 
behavior of these simulated daily flows are not always identical to the observed 
naturalized or modified data, the daily flow duration curves are faithfully 
reproduced overall for each month. These bias corrected values are often very 
useful in water planning studies such as the URGIA, especially for providing 
inputs to operations models. 
 
For this study, bias correction was performed using historic flows in the URGSiM 
database (see Appendix E). Bias corrections were not applied to historic flows in 
the North Floodway Channel because no VIC flows are available for this node. 
Three Santa Fe basin flow traces were bias corrected. Historic flows for the gage 
“Santa Fe near Santa Fe” were used so that the gain (local inflow) between that 
location and the outflow of the Santa Fe River to Cochiti Reservoir could be 
computed. McClure Reservoir inflows were bias corrected to represent the 
naturalized flow for “Santa Fe near Santa Fe.” Bias corrections were done to the 
nodes listed in Figures 3 through 6 illustrate the effects of bias correction on VIC 
simulated natural streamflow. Figure 3 and Figure 4 illustrate an example of a site 
having a relatively small bias in flow compared with observed natural flow. 
Figure 5 and Figure 6 illustrate an example of a site with a relatively large bias in 
flow compared with observed natural flow. 
 
Figure 7 shows the simulated and bias-corrected flows for the May data for the 
sixth run at the Lobatos station. In the simulated data, there are 21 instances after 
the year 2000 (out of 100 May flow values) in which the simulated flows exceed 
the historical maximum simulated flow (about 10,000 cfs). In the bias-corrected 
projections, these are the only instances where the bias-corrected flows exceed the 
historical simulated maximum. 
 
The entire dataset shows that in the time period before 2000 (1950 through 1999), 
all runs for all stations result in flows that are at or below historic levels. 
However, post-2000 (2000 through 2099) simulated flows that are greater than the 
historical simulated flows can result in flows that are greater than the historical 
observed maximum (or less than the historical observed minimum). This is 
expected and is done in an effort to maintain the increased variance and extreme 
values that are simulated with the climate projections. 
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Figure 3.—Historical simulated runoff, small-bias example: monthly time 
series before and after correction. 

 
 

 
Figure 4.—Historical simulated runoff, small-bias 
example: monthly and annual means. 
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Figure 5.—Historical simulated runoff, larg bias example: monthly time 
series before and after correction. 
 

 

 
 

Figure 6.—Historical simulated runoff, larg bias 
example: monthly and annual means before and after 
bias correction. 
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Figure 7.—Comparison of various projections showing May flows at the Lobatos 
gage. 

IV.  Performance of Hydrologic Simulations 

IV.A.  Monthly Tim Step Transient Simulations 

This section explains the performance and analysis of monthly-resolution 
transient simulations of system operations. 

IV.A.1.  URGSiM Overview 

URGSiM uses hydrologic and climatic inputs to simulate the movement of 
surface water and groundwater through the Upper Rio Grande system from the 
San Luis Valley in Colorado to Caballo Reservoir in southern New Mexico 
(including the Rio Chama and Jemez River tributary systems) and the Española, 
Albuquerque, and Socorro regional groundwater basins. URGSiM simulates 
operations in nine surface reservoirs, interbasin transfers from the Colorado River 
Basin to the Rio Grande Basin (via Reclamation’s San Juan-Chama Project), and 
agricultural diversions and depletions in the Chama, Española, and Middle 
Rio Grande Valleys (most of which occur via irrigation infrastructure originally 
built by Reclamation as part of the Middle Rio Grande Project). Table 1 lists key 
information associated with the reservoirs included in URGSiM. 
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URGSiM tracks several different water ownership accounts in order to simulate 
the complex reservoir operations that occur in the Upper Rio Grande. San Juan-
Chama Project water (see Appendix E) is grouped into seven types. Five of the 
San Juan-Chama Project water types correspond to Contractors for this water, and 
are shown along with their annual Contract amount in Table 4: These five 
groupings are for the Albuquerque Bernalillo County Water Utility Authority 
(ABCWUA), the Middle Rio Grande Conservancy District (MRGCD), Cochiti 
Recreation Pool, City and County of Santa Fe, and a Combined account which 
includes all other contractors. Another San Juan-Chama Project classification 
exists for the Federal Pool in Heron Lake, which is water that has been diverted 
from the Colorado Basin, but hasn’t been allocated to a San Juan-Chama Project 
Contractor, or was allocated but not called for in a specific period of time and so 
reverted. Finally there is a classification for water leased from a San Juan-Chama 
Project Contractor by Reclamation for use in maintaining environmental flows 
during periods of low flows. 
 
 
Table 4.—San Juan-Chama Project Contractor Groupings Used in URGSiM and 
Annual Contract Amount 

Contractor 
Contracted Volume  
[acre-feet per year] 

Albuquerque Bernalillo County Water Utility Authority 48,200 

Middle Rio Grande Conservancy District 20,900 

City and County of Santa Fe 5,605 

Cochiti Recreation Pool 5,000 

Combined 15,495 

Total 95,200 
 
 
This overview is meant to provide only a summary description of URGSiM to 
facilitate an understanding of URGIA simulations and results. For a more detailed 
and complete description of URGSiM, see Appendix E. 

IV.A.2.  URGIA Specific Model Setup  

URGSiM requires hydrologic inflows at 21 locations corresponding to stream 
gaging stations with long-term historic records, as well as temperature and 
precipitation information at 21 different locations corresponding to climate 
measurement stations with long term historic records. The stream gage locations 
are shown in Table 5, and the climate station locations are shown in Table 6. For 
the URGIA transient analysis, the hydrologic inflows at the needed locations were 
generated by bias correction of output from the VIC model driven by the CMIP3 
BCSD temperature and precipitation data as discussed previously, while the  
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Table 5.—URGSiM Hydrologic Input Locations 

Gage Name 
USGS 

Gage ID 
CODWR 

Gage 

Datum 
Elevation 
(ft amsl) 

Latitude 
(dd) 

Longitude 
(dd) 

Rio Grande near Del Norte  RIODELCO 7980 37.68944 106.46056 
Conejos River near Mogote  CONMOGCO 8269 37.05389 106.18694 
Los Pinos River near Ortiz  LOSORTCO 8042 36.98222 106.07361 
San Antonio River at Ortiz  SANORTCO 7970 36.99306 106.03806 
Costilla Creek near Garcia 8261000  7821 36.98917 105.53167 
Red River below Fish 
Hatchery 8266820  7105 36.68278 105.65389 

Rio Pueblo de Taos below 
Los Cordovas 8276300  6650 36.37917 105.66667 

Embudo Creek at Dixon 8279000  5859 36.21083 105.91306 
Rio Chama near La Puente 8284100  7083 36.6625 106.6325 
Blanco Diversion near 
Pagosa Springs  BLADIVCO  37.20361 106.80972 

Rio Blanco below Blanco 
Diversion  RIOBLACO 7858 37.20361 106.81167 

Little Oso Diversion near 
Chromo  LOSODVCO  37.07556 106.81056 

Little Navajo River below 
Little Oso Diversion  LITOSOCO  37.07717 106.81147 

Oso Diversion near Chromo  OSODIVCO  37.03028 106.73722 
Navajo River below Oso 
Diversion  NAVOSOCO 7665 37.03028 106.73722 

Rio Ojo Caliente at La 
Madera 8289000  6359 36.34972 106.04361 

Rio Nambe below Nambe 
Falls Dam 8294210  6840 35.84611 105.90972 

Santa Fe River above 
McClure 8315480  7920 35.68869 105.82408 

Santa Fe River above 
Cochiti 8317200  5505 35.54722 106.22889 

Galisteo Creek Below 
Galisteo Dam 8317950  5450 35.46389 106.21306 

Jemez River near Jemez 8324000  5622 35.66194 106.74278 
North Floodway Channel 
near Alameda 8329900  5015 35.19806 106.59972 

S. Diversion Channel above 
Tijeras Arroyo 8330775  4930 35.00278 106.65722 

Tijeras Arroyo near 
Albuquerque 8330600  4999 35.00278 106.64806 

Rio Puerco near Bernardo 8353000  4722 34.41028 106.85444 
Each location corresponds to a USGS or Colorado Department of Water Resources stream gage with a long 
period of record. 
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Table 6.—URGSiM Climatic Data Input Locations 

Station Name 
NWS Cooperative 
Network Number Lat [dd] Long [dd] 

Heron Reservoir NA 36.853 -106.671 

El Vado Dam 292837 36.600 -106.733 

Abiquiu Dam 290041-2 36.233 -106.433 

Cerro 291630 36.750 -105.600 

Alcalde 290245 36.100 -106.067 

Espanola 293031 36.000 -106.083 

Cochiti Dam 291982 35.633 -106.317 

Pena Blanca 296693 35.581 -106.334 

Jemez Reservoir 294366 35.390 -106.534 

Angostura NA 35.375 -106.503 

Albuquerque Bosque NA 35.261 -106.596 

Albuquerque Airport 290234 35.050 -106.617 

Los Lunas 295150 34.767 -106.761 

Jarales NA 34.612 -106.755 

Bernardo 290915 34.417 -106.833 

Socorro 298387 34.083 -106.883 

Bosque del Apache - 
North NA 33.870 -106.862 

Bosque del Apache 291138 33.767 -106.900 

Elephant Butte Dam 292848 33.150 -107.183 

Caballo Dam 291286 32.900 -107.300 

NMSU 298535 32.282 -106.760 
Each location corresponds to a temperature and precipitation station with a historic record 
back to at least 1950 
Dd = decimal degree 

 
 
temperature and precipitation inputs come directly from the CMIP3 BCSD data. 
The URGIA transient analysis is 112 different runs, one for each CMIP3 GCM 
simulation. Each run starts in October of 1950 and ends in September of 2099 
(149 years). 

IV.A.3.  Model Assumptions 

In addition to climate change specific hydrologic and climate inputs, specific 
assumptions related to initial conditions and operations-related model parameters 
were necessary for the URGIA analysis. Initial conditions used for URGIA, 
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including reservoir storage by water type, San Juan-Chama Project diversions for 
the previous 9 years, human population, and irrigated and riparian area by reach 
and crop, are summarized in Appendix E. Other model assumptions specific to 
URGIA are listed below. 
 
The URGIA runs are from 1950 through 2099 in terms of climate and hydrologic 
inputs from the GCM models only, and are fixed to present values for human 
related factors. 

Human population is fixed at approximate 2010 levels throughout the URGIA 
analysis (U.S. Census Bureau 2010). This assumption, while not representative of 
population during the historic period, and unlikely to represent the future, allows 
the modeled impacts to be attributed exclusively to climate change. Human 
population values used can be found in Appendix E. 

Similarly, reservoirs, irrigation infrastructure and operations rules currently in 
place in the system are assumed to be in place throughout the URGIA runs. 
Thus, though the San Juan-Chama Project was not completed until 1972, that 
infrastructure is included in the entirety of every URGIA transient simulation. 

Similarly, in the Base Case Scenario, irrigated area and crop mix in the model are 
held static for the entire model run (1950 through 2099). The irrigated areas used 
by URGSiM are: 

• 4,867 acres along the Rio Chama (based on adjudicated rights) 
• 188 acres along the Rio Grande between Taos Junction Bridge and 

Embudo 
• 4,700 acres served by the Rio Grande between Embudo and Otowi 

• 5,371 acres served by the Jemez River within the model extent.  
• 57,346 acres in the Middle Rio Grande of New Mexico (based on values 

interpreted by the New Mexico Interstate Stream Commission from year 
2000 IKONOS imagery; unpublished). 

In addition to this agricultural area, URGSiM includes: 
• 2,305 acres of irrigated area in Bosque del Apache National Wildlife 

Refuge (see Appendix A).  
• Riparian area based on New Mexico Interstate Stream Commission 

interpretation of 2000 IKONOS imagery (unpublished): 

o 667 acres above Cochiti  
o 711 acres along the Jemez River 

o 45,360 acres along the Rio Grande between Cochiti and San Marcial 
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• 7,635 acres of riparian area between San Marcial and Elephant Butte from 
Reclamation’s ET Toolbox (Brower 2008). 

 

Groundwater levels, which are influenced by pumping history, start each 
simulation with approximately 2010 conditions, which are from URGSiM at the 
end of a Base Case Scenario 1975 through 2010 simulation. 

If the New Mexico’s Compact (Colorado et al. 1938) credit goes above 
100,000 acre-feet, a start-of-calendar-year relinquishment occurs, taking the 
credit from whatever level it has reached down to 70,000 acre-feet, and creating 
relinquishment credits that can be used by reservoir operators for storage of native 
water during Article VII conditions.  

It is assumed that 10,000 acre-feet per year of San Juan-Chama Project water will 
be available for lease by Reclamation from the Combined Contractor account for 
use in maintaining environmental flows in the Upper Rio Grande. 

“Letter water” is the term for San Juan-Chama Project water used by any of the 
Contractors to offset some external impact on the river system, usually related to 
groundwater pumping impacts on river flows. This impact is calculated by the 
New Mexico Office of the State Engineer which then requests releases from 
Heron be made to offset the impacts. That request is via a letter from the New 
Mexico Office of the State Engineer to Reclamation, thus the term “letter” water. 
Letter Water is calculated within URGSiM for ABCWUA and the City and 
County of Santa Fe. It turns out that URGSiM calculations of ABCWUA and 
County of Santa Fe pumping impacts on the river are very slow because of the 
spatially aggregated groundwater representation in URGSiM. That, coupled with 
no population growth, leads to no letter water requirements for either entity in the 
URGIA runs. Other letter water requirements are not included because the impact 
that they are offsetting is not an impact explicitly modeled in URGSiM. 

All other things being equal, increased temperature leads to increased evaporative 
demand and, therefore, to increased agricultural demand. Current and future 
agricultural operations in the Middle Rio Grande as modeled by URGSiM are 
based on a monthly target for agricultural flows into Cochiti Reservoir and a 
demand schedule for monthly diversions at four diversion points along the river: 
below Cochiti, Angostura, Isleta, and San Acacia. These static demand schedules 
are based on communications with MRGCD and are not explicitly related to 
agricultural demand. However, these static demand schedules might be r 
evaluated as demands rise. For URGIA runs, the decision was made to operate 
throughout the simulations according to current rules, practices, and cropping 
patterns to evaluate what would happen under current operations with varying 
supplies and demands and not try to simulate how the system would adapt to try  
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to keep up with increasing demands. The flow targets at Cochiti reservoir (which 
determines storage releases from El Vado) as well as the diversion schedules at 
each diversion point are shown in Table 7. 

 

Table 7.—Total MRGCD Demand Schedule in Cubic Feet per Second (cfs) at 
Cochiti and MRGCD Diversion Demands at the Four Diversion Locations Used by 
URGSiM for URGIA 

 Mar Apr May Jun Jul Aug Sep Oct 

Total Demand at Cochiti  400 700 900 925 925 900 700 550 

MRGCD Diversion: 

Cochiti  100 110 130 150 150 130 110 100 

Angostura  90 140 170 200 200 200 170 120 

Isleta  195 390 430 500 500 450 410 290 

San Acacia 100 180 200 220 200 180 160 120 

     All winter values (November through February) are zero. 

 
 
Using the GCM based hydrologic and climatic data along with the specified initial 
conditions and operations related assumptions listed here, URGSiM was run 
112 times to create the suite of runs that encompass the Base Case Scenario. Each 
run covered the 149 year model period. 
 
An additional set of 112 simulations was generated for a Compact Compliance 
Scenario, in which it was assumed that the State of New Mexico would take 
management actions, such as reducing riparian or agricultural area, to assure 
compliance under the Rio Grande Compact. Output from the simulations 
performed to support this scenario does not specify what these management 
actions might be. 

IV.B.  Initial Model Conditions for Upper Rio Grande 
Climate Change Impact Assessment 

Table 8 provides the initial conditions for the URGIA modeling analyses using 
URGSiM. 
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Table 8.—Initial Model Conditions for the Upper Rio Grande Climate Changes 
Impact Assessment 

Variable Element Unit Value 
Initial Native Storage Heron AF 361 
Initial Native Storage El Vado AF #N/A 
Initial Native Storage Abiquiu AF 1 
Initial Native Storage Cochiti AF 0 
Initial Native Storage Jemez AF 0 
Initial Native Storage Elephant Butte AF 236,966 
Initial Native Storage Caballo AF 2,026 
Initial El Vado Native Storage MRGCD AF 137,090 
Initial El Vado Native Storage PP AF 0 
Initial El Vado Native Storage USBR AF 2,752 
Initial SJC Storage Heron, Alb AF 0 
Initial SJC Storage Heron, MRGCD AF 12,923 
Initial SJC Storage Heron, City & County SF AF 4,519 
Initial SJC Storage Heron, CochitiRec AF 5 
Initial SJC Storage Heron, Combined AF 12,434 
Initial SJC Storage Heron, USBR AF 0 
Initial SJC Storage El Vado, Alb AF 0 
Initial SJC Storage El Vado, MRGCD AF 20,626 
Initial SJC Storage El Vado, City & County SF AF 0 
Initial SJC Storage El Vado, CochitiRec AF 0 
Initial SJC Storage El Vado, Combined AF 2,010 
Initial SJC Storage El Vado, USBR AF 0 
Initial SJC Storage Abiquiu, Alb AF 128,672 
Initial SJC Storage Abiquiu, MRGCD AF 2,000 
Initial SJC Storage Abiquiu, City & CountySF AF 3,407 
Initial SJC Storage Abiquiu, CochitiRec AF 0 
Initial SJC Storage Abiquiu, Combined AF 9,373 
Initial SJC Storage Abiquiu, USBR AF 4,984 
Initial SJC Storage Cochiti, Alb AF 0 
Initial SJC Storage Cochiti, MRGCD AF 0 
Initial SJC Storage Cochiti, City & County SF AF 0 
Initial SJC Storage Cochiti, CochitiRec AF 47,619 
Initial SJC Storage Cochiti, Combined AF 0 
Initial SJC Storage Cochiti, USBR AF 0 
Initial SJC Storage Jemez, Alb AF #N/A 
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Table 8.—Initial Model Conditions for the Upper Rio Grande Climate Changes 
Impact Assessment 

Variable Element Unit Value 
Initial SJC Storage Jemez, MRGCD AF #N/A 
Initial SJC Storage Jemez, City & County SF AF #N/A 
Initial SJC Storage Jemez, CochitiRec AF #N/A 
Initial SJC Storage Jemez, Combined AF #N/A 
Initial SJC Storage Jemez, USBR AF #N/A 
Initial SJC Storage Elephant Butte, Alb AF 20,936 
Initial SJC Storage Elephant Butte, MRGCD AF 0 

Initial SJC Storage Elephant Butte, City & County 
SF AF 0 

Initial SJC Storage Elephant Butte, CochitiRec AF 0 
Initial SJC Storage Elephant Butte, Combined AF 0 
Initial SJC Storage Elephant Butte, USBR AF 0 
Initial SJC Storage Caballo, Alb AF #N/A 
Initial SJC Storage Caballo, MRGCD AF #N/A 
Initial SJC Storage Caballo, City & County SF AF #N/A 
Initial SJC Storage Caballo, CochitiRec AF #N/A 
Initial SJC Storage Caballo, Combined AF #N/A 
Initial SJC Storage Caballo, USBR AF #N/A 
Initial Heron Fed Pool   AF 258,167 
Initial Compact Balance   AF 9,1246 
Esp Basin Initial GW Heads 1 ft 5,947.6 
Esp Basin Initial GW Heads 2 ft 5,693.5 
Esp Basin Initial GW Heads 3 ft 6,000.7 
Esp Basin Initial GW Heads 4 ft 5,895.8 
Esp Basin Initial GW Heads 5 ft 5,684.8 
Esp Basin Initial GW Heads 6 ft 5,849.9 
Esp Basin Initial GW Heads 7 ft 6,209.8 
Esp Basin Initial GW Heads 8 ft 5,484.1 
Esp Basin Initial GW Heads 9 ft 6,004.3 
Esp Basin Initial GW Heads 10 ft 6,546.6 
Esp Basin Initial GW Heads 11 ft 5,742.6 
Esp Basin Initial GW Heads 12 ft 6,159.6 
Esp Basin Initial GW Heads 13 ft 6,524.6 
Esp Basin Initial GW Heads 14 ft 5,589.5 
Esp Basin Initial GW Heads 15 ft 5,384.9 
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Table 8.—Initial Model Conditions for the Upper Rio Grande Climate Changes 
Impact Assessment 

Variable Element Unit Value 
Esp Basin Initial GW Heads 16 ft 5,678.9 
Alb Basin Initial GW Heads 1 ft 5,321.2 
Alb Basin Initial GW Heads 2 ft 5,214.7 
Alb Basin Initial GW Heads 3 ft 5,158.4 
Alb Basin Initial GW Heads 4 ft 5,293.4 
Alb Basin Initial GW Heads 5 ft 5,229.5 
Alb Basin Initial GW Heads 6 ft 5,162.6 
Alb Basin Initial GW Heads 7 ft 5,237.6 
Alb Basin Initial GW Heads 8 ft 5,176.3 
Alb Basin Initial GW Heads 9 ft 5,274.8 
Alb Basin Initial GW Heads 10 ft 5,203.8 
Alb Basin Initial GW Heads 11 ft 5,427.6 
Alb Basin Initial GW Heads 12 ft 5,169.6 
Alb Basin Initial GW Heads 13 ft 5,368.7 
Alb Basin Initial GW Heads 14 ft 5,134.4 
Alb Basin Initial GW Heads 15 ft 5,067.4 
Alb Basin Initial GW Heads 16 ft 4,990.4 
Alb Basin Initial GW Heads 17 ft 4,915.8 
Alb Basin Initial GW Heads 18 ft 5,070.5 
Alb Basin Initial GW Heads 19 ft 4,983.2 
Alb Basin Initial GW Heads 20 ft 4,915.1 
Alb Basin Initial GW Heads 21 ft 5,161.5 
Alb Basin Initial GW Heads 22 ft 4,995.5 
Alb Basin Initial GW Heads 23 ft 5,030.5 
Alb Basin Initial GW Heads 24 ft 4,917.1 
Alb Basin Initial GW Heads 25 ft 4,958.6 
Alb Basin Initial GW Heads 26 ft 5,225.5 
Alb Basin Initial GW Heads 27 ft 4,919.9 
Alb Basin Initial GW Heads 28 ft 4,817.2 
Alb Basin Initial GW Heads 29 ft 4,959.6 
Alb Basin Initial GW Heads 30 ft 4,913.3 
Alb Basin Initial GW Heads 31 ft 4,872.4 
Alb Basin Initial GW Heads 32 ft 4,819.5 
Alb Basin Initial GW Heads 33 ft 4,755.3 
Alb Basin Initial GW Heads 34 ft 4,899.3 
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Table 8.—Initial Model Conditions for the Upper Rio Grande Climate Changes 
Impact Assessment 

Variable Element Unit Value 
Alb Basin Initial GW Heads 35 ft 4,871.9 
Alb Basin Initial GW Heads 36 ft 4,820 
Alb Basin Initial GW Heads 37 ft 4,758.9 
Alb Basin Initial GW Heads 38 ft 4,900.4 
Alb Basin Initial GW Heads 39 ft 4,912.5 
Alb Basin Initial GW Heads 40 ft 4,871.8 
Alb Basin Initial GW Heads 41 ft 4,875.1 
Alb Basin Initial GW Heads 42 ft 4,823.1 
Alb Basin Initial GW Heads 43 ft 4,776.3 
Alb Basin Initial GW Heads 44 ft 4,869.2 
Alb Basin Initial GW Heads 45 ft 4,881.9 
Alb Basin Initial GW Heads 46 ft 4,835.3 
Alb Basin Initial GW Heads 47 ft 4,791.2 
Alb Basin Initial GW Heads 48 ft 4,704 
Alb Basin Initial GW Heads 49 ft 4,710 
Alb Basin Initial GW Heads 50 ft 4,774 
Alb Basin Initial GW Heads 51 ft 4,727 
Soc Basin Initial GW Heads 1 ft 4,579.4 
Soc Basin Initial GW Heads 2 ft 4,498.8 
Soc Basin Initial GW Heads 3 ft 4,427.6 
Soc Basin Initial GW Heads 4 ft 4,640.7 
Soc Basin Initial GW Heads 5 ft 4,589.2 
Soc Basin Initial GW Heads 6 ft 4,599.8 
Soc Basin Initial GW Heads 7 ft 4,559.5 
Soc Basin Initial GW Heads 8 ft 4,508.6 
Soc Basin Initial GW Heads 9 ft 4,519.9 
Soc Basin Initial GW Heads 10 ft 4,849.9 
Soc Basin Initial GW Heads 11 ft 4,437.9 
Soc Basin Initial GW Heads 12 ft 4,439.8 
Irrigated Ag Acreage to start Scenario   acre 66,000 
Initial North Well User Populations City of Espanola people 11,489 
Initial North Well User Populations County of Los Alamos people 18,783 
Initial North Well User Populations City of Santa Fe people 69,063 

Initial North Well User Populations Domestic well users north of 
Otowi people 3,785 
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Table 8.—Initial Model Conditions for the Upper Rio Grande Climate Changes 
Impact Assessment 

Variable Element Unit Value 

Initial North Well User Populations Domestic well users south of 
Otowi people 16,999 

Initial Middle City Populations City of Bernalillo people 7,322 
Initial Middle City Populations Rio Rancho people 84,061 
Initial Middle City Populations City of Albuquerque people 523,649 
Initial Middle City Populations Los Lunas people 17,139 
Initial Middle City Populations Belen people 7,267 
Initial Middle City Populations Socorro people 9,669 
Initial Middle City Populations T or C people 8,560 
Initial Non-City Reach Population WC2HRN people 183 
Initial Non-City Reach Population HRN2ELVDO people 2,427 
Initial Non-City Reach Population ELVDO2ABQ people 4,835 
Initial Non-City Reach Population ABQ2CTA people 28,174 
Initial Non-City Reach Population LBO2CRO people 12,677 
Initial Non-City Reach Population CRO2TJB people 23,192 
Initial Non-City Reach Population TJB2EMB people 12,390 
Initial Non-City Reach Population EMB2OTW people 26,370 
Initial Non-City Reach Population OTW2CTI people 89,718 
Initial Non-City Reach Population CTI2SFP people 10,968 
Initial Non-City Reach Population JMZ2JCD people 664 
Initial Non-City Reach Population SFP2ALB people 157,463 
Initial Non-City Reach Population ALB2BDO people 100,519 
Initial Non-City Reach Population BDO2SA people 5,689 
Initial Non-City Reach Population SA2SM people 1,405 
Initial Non-City Reach Population SM2EBT people 11,224 
Initial Non-City Reach Population EBT2CBO people 2,618 
Initial Non-City Reach Population CBO2LSB people 16,259 
Initial Non-City Reach Population LSB2MSLA people 66,750 
Initial Non-City Reach Population MSLA2EP people 19,860 
Previous Azotea Tunnel Diversions 1 year prior to start year AF 105,024 
Previous Azotea Tunnel Diversions 2 years prior to start year AF 139,910 
Previous Azotea Tunnel Diversions 3 years prior to start year AF 104,971 
Previous Azotea Tunnel Diversions 4 years prior to start year AF 78,803 
Previous Azotea Tunnel Diversions 5 years prior to start year AF 155,238 
Previous Azotea Tunnel Diversions 6 years prior to start year AF 84,908 
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Table 8.—Initial Model Conditions for the Upper Rio Grande Climate Changes 
Impact Assessment 

Variable Element Unit Value 
Previous Azotea Tunnel Diversions 7 years prior to start year AF 6,2704 
Previous Azotea Tunnel Diversions 8 years prior to start year AF 63,02 
Previous Azotea Tunnel Diversions 9 years prior to start year AF 110,577 

AF = acre-feet. 

IV.C.  Calibration Parameters for URGIA Runs 

Much of the documentation and analysis of calibration discussed in this document 
is associated with an older calibration of URGSiM. The following tables are 
designed to allow future modelers to see the calibration that was used for URGIA. 

V.  Sources of Uncertainty 
This analysis is built upon a series of model runs, starting with GCM runs at a 
global scale, followed by land surface modeling (rainfall-runoff) at a basin scale, 
and finally operations modeling at the river network level. Each of these models 
represents a conceptual simplification of a complex physical system that is 
imperfectly understood. Moreover, statistical methods are also used to connect 
these model types. GCM output is statistically downscaled for use in the land 
surface model and operations model, and statistical methods are used to condition 
the uncalibrated land surface model output for use in the operations model. 
Output from each model carries with it uncertainties associated with 
simplification and lack of understanding of the modeled system, and each 
statistical transformation of the output increases these uncertainties. By definition, 
these uncertainties are difficult to quantify, but the uncertainties associated with 
each step in this process are explored in the following sections. 

V.A.  Uncertainties Associated with Impact 
Assessment Approach 

This section summarizes uncertainties associated with the use of GCM climate 
projections as well as downscaling approaches applied in the URGIA. The 
information presented is gathered from Reclamation (2011a) as well as other 
peer-reviewed literature and reflects the use of best available datasets and data 
development methodologies. 
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Table 9.—Groundwater-Related Values 

Values Exported from URGSiM-WWCRA.Hde.5.16.2013 

 Shallow 
Aquifer 
Zone 

Ground 
Surface 

Elevation 
(ft above 

msl) 

River 
Channel 
Elevation 

(ft) 

River Channel 
Conductivity 

(ft/day) 

River to 
Drain 

Distance 
(miles) 

Drain Base 
Elevation 
(ft above 

msl) 

Drain 
Conductivity 

(ft/day) 

A
lb

uq
ue

rq
ue

 G
ro

un
dw

at
er

 B
as

in
 

Cochiti1 5400 5339 0.2 NA NA 5 
Cochiti2 5233 5218 0.5 0.42 5213 5 
Cochiti3 5169 5159 0.5 0.53 5154 5 
Jemez1 5442.5 5430.5 0.25 NA NA 5 
Jemez2 5194 5185 0.25 NA NA 5 

SanFelipe1 5078.7 5068 0.5 0.0005 5063 5 
SanFelipe2 4998.5 4988 0.5 0.16 4983 5 
SanFelipe3 4946 4937 0.11 0.01 4932 5 

AbqBer1 4928 4918 0.5 0.08 4913 5 
AbqBer2 4884.5 4873 0.5 0.24 4868 5 
AbqBer3 4830 4818.5 0.5 0.17 4813.5 5 
AbqBer4 4770 4754.5 0.5 0.6 4749.5 5 

SanAcacia1 4724.5 4705.5 0.5 1.7 4700.5 5 

So
co

rr
o 

G
ro

un
d 

w
at

er
 

B
as

in
 SA2BDA 4586 4583 0.5 3 4570.5 25 

BDA2SM 4507 4500 0.5 3 4491 25 
SM2EBGW 4470.7 4458 0.5 3 4456 25 

 
 
 

Table 10.—Canal Leakage Related Values 

Values Exported from URGSiM-WWCRA.Hde.5.16.2013 

Reach Parallel Canal 
Calibration Factor 

Cochiti to San Felipe 3 

Jemez to Jemez Canyon Dam 2 

San Felipe to Albuquerque 5 

Albuquerque to Bernardo 4 

Bernardo to San Acacia 16 

San Acacia to San Marcial 8 
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Table 11.—Reservoir-Related Values 
Values Exported from URGSiM-WWCRA.Hde.5.16.2013 

Reservoir Parameter Value 
Heron Heron native inflows factor 6.80% 

El Vado 
La Puente reduction threshold (cfs) 2000 
La Puente reduction factor 35% 

Abiquiu Abiquiu local inflows correlation to Jemez near Jemez Pueblo gage 54% 
Cochiti Lake bottom (river bed in 1st shallow aquifer zone) conductivity (ft/day) 0.2 

Jemez 
Jemez local inflow correlation to Jemez near Jemez Pueblo gage 52% 
Jemez local inflow cutoff (cfs) 200 

Elephant 
Butte Shallow aquifer surface elevation San Marcial to Elephant Butte (ft) 4471 

Caballo EB to Caballo ungaged effective area (acre) 26,000 
 
 

Table 12.—Reach-Related Values 
Values Exported from URGSiM-WWCRA.Hde.5.16.2013 

Reach Parameter Value 
El Vado to Abiquiu Ungaged correlation to Ojo Caliente @ La Madera 35% 

Abiquiu to Chamita 
Ungaged correlation to Ojo Caliente @ La Madera 3.5% 
Riparian area (acres) 80 

Lobatos to Cerro None  
Cerro to Taos Junction 
Bridge 

Ungaged correlation to Rio Pueblo de Taos near 
Rio Grande 37% 

Taos Junction Bridge to 
Embudo 

Embudo Creek high flow threshold (cfs) 200 
Embudo Creek high flow reduction 23% 

Embudo to Otowi Ungaged correlation to Rio Nambe below dam 120% 
Otowi to Cochiti Calibrated with Cochiti Reservoir  

Cochiti to San Felipe 
Ungaged correlation to Galisteo Creek 156% 
Carriage water 15% 

San Felipe to Albuquerque 
Ungaged correlation to North Floodway Channel 92% 
Carriage water 15% 

Albuquerque to Bernardo Carriage water 0% 

Bernardo to San Acacia 
Rio Puerco reduction factor 36% 
Carriage water 15% 

San Acacia to San Marcial Carriage water 14% 
San Marcial to Elephant 
Butte Calibrated with Elephant Butte Reservoir   

Elephant Butte to Caballo Calibrated with Caballo Reservoir   
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V.A.1.  Global Climate Forcing 

Although this report considers climate projections representing a range of future 
greenhouse emission pathways (Reclamation 2011a), the uncertainties associated 
with estimating these pathways are not explored in this analysis. Such 
uncertainties include those introduced by assumptions about: 
 

• Technological and economic developments, globally and regionally 

• How those assumptions translate into global energy use involving 
greenhouse gas emissions 

• Biogeochemical analysis to determine the fate of greenhouse gas 
emissions in the oceans, land, and atmosphere 

Also, not all of the uncertainties associated with climate forcing are 
associated with greenhouse gas assumptions. Considerable uncertainty 
remains associated with natural forcings, with the cooling influence 
of aerosols being regarded as the most uncertain on a global scale 
(e.g., figure SPM-2 in IPCC 2007). Note that this report uses an ensemble 
of downscaled climate and hydrologic projections (Reclamation 2011a) 
that stem from GCMs collectively reflecting three scenarios of greenhouse 
gas emissions (IPCC 2000): B1 (low emissions), A1B (moderate 
emissions), and A2 (high emissions). For the purposes of this report, 
results from these projections are pooled based on the assumption that 
these scenarios are equally plausible and the lack of information to suggest 
otherwise. As shown in IPCC 2007, for early to middle 21st century, the 
projections ensembles (temperature and precipitation) are similar for each 
scenario, suggesting that choice of emissions scenario does not 
significantly influence projection uncertainty in this timeframe. However, 
by the end of the 21st century, the scenario-specific ensembles of 
temperature projections do start to diverge, with the A2 (high emissions) 
scenario leading to substantially larger warming than the B1 (low 
emissions) scenario. 

V.A.2.  Global Climate Simulation 

This report considers climate projections produced by stat of-the-art coupled 
ocean-atmosphere climate models. Even though these models have shown an 
ability to simulate the influence of increasing greenhouse gas emissions on global 
climate (IPCC 2007), there are still uncertainties about the scientific community’s 
understanding of physical processes that affect climate, including how to simulate 
such processes in climate models (e.g., atmospheric circulation, clouds, ocean 
circulation, deep ocean heat update, ice sheet dynamics, sea level, land cover 
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effects from water cycle, vegetative and other biological changes). Uncertainties 
in simulating regional atmospheric circulation response to changes in global 
climate forcing are relevant in projecting effects on regional to local weather 
patterns (e.g., effects on storm track positions approaching the West Coast, effects 
on North American Monsoon over the Colorado and Rio Grande basins, or effects 
on interplay between Pacific, Arctic, and Gulf of Mexico air masses affecting 
precipitation conditions over the Great Plains). 
 
In addition, the process of specifying initial climate system conditions at the 
beginning of 20th and 21st century simulations (e.g., heat distribution throughout 
the oceans) permits projections to stem from different “distributed initial 
conditions,” which also contributes to projection uncertainties at the regional 
scale (Hawkins and Sutton 2009), particularly for precipitation (Hawkins and 
Sutton 2010). Finally, it is noted that this report does consider these uncertainties 
by surveying projection information from a multimodel ensemble, similar to the 
approach used in the IPCC Fourth Assessment (IPCC 2007). However, as noted in 
the Fourth Assessment, even this “ensemble of opportunity” may not cover the 
entire range of uncertainty associated with global climate simulation. 

V.A.3.  Climate Projection Bias Correction 

Analyses (Reclamation 2011c) presented within this document assume that 
GCM biases toward being too wet, too dry, too warm, or too cool should be 
identified and accounted for prior to use in implications studies like sensitivity 
analyses. However, the procedure to remove biases in climate projections 
relative to a historical baseline can affect the apparent “climate change,” from 
a historical period to a future period, expressed by the projections (biased 
versus bias-corrected). This has been shown within Reclamation (2011b), 
where the method for bias correcting the climate projections appears to have 
altered projected precipitation changes to be slightly wetter over much of the 
Western U.S.1 This, in turn, leads to less adverse future hydrologic changes than 
if hydrologic change projections had been based on changes from the non-bias-
corrected climate projections. 

V.A.4.  Climate Projection Spatial Downscaling 

The analyses presented within this report use climate projections that have been 
downscaled using BCSD, a non-dynamical and relatively simple spatial 
disaggregation technique (Wood et al. 2002). Although this technique has been 

                                                
     1 When 25th, 50th, and 75th percentile precipitation changes were identified within the 
ensemble of projections over the Western U.S., it was found that percentage changes from bias-
corrected projections were generally zero to a few percent greater than percentage changes from 
the non-bias-corrected projections (Figure 9 of Reclamation 2011b). 
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used to support numerous water resources impacts studies, uncertainties remain 
about the limitations of empirical downscaling methodologies relative to more 
sophisticated dynamical methods that rely on coupling outputs from global 
climate models to the inputs of finer resolution regional climate models. 
Nevertheless, the spatial disaggregation technique was used due to the ease in 
applying it to a large collection of climate projections over the Western U.S. for 
the 21st century and, thus, to better sample the uncertainty due to global model 
simulations compared to what feasibly could be done using dynamical methods. 

V.A.5.  Watershed Vegetation Changes Under Climate Change 

In Reclamation (2011b) and related literature sources cited by that study, the 
chosen approach for assessing hydrologic effects under projected climate changes 
is to use a “surface-water hydrologic” model that computes hydrologic conditions 
given changes in weather while holding other watershed features constant. 
Vegetation features might be expected to change as climate changes. These 
vegetation changes, in turn, would affect runoff through changes to 
evapotranspiration and infiltration processes. However, such changes are difficult 
to forecast and are not accounted for in this approach. 

V.A.6.  Quality of Hydrologic Model Used to Assess Hydrologic 
Effects 

In Reclamation (2011b) and most of the cited literature sources, the chosen 
approach for assessing hydrologic effects typically has involved using “surface 
water hydrologic” models, which account for the shallow surface layers of the 
watershed, but do not consider the full range of watershed groundwater processes 
and interactions of groundwater with surface water. Further, these surface water 
hydrologic models generally are not designed to represent the water balance 
processes of large water bodies (e.g., Elephant Butte Reservoir). Thus, while the 
direction of projected hydrologic changes is expected to be a robust result from 
these hydrologic models, the magnitude of change is less certain and possibly 
affected by the omission of key hydrologic processes related to groundwater 
and/or large water bodies. Potentially due to these factors, the model results 
presented in Reclamation (2011b) were shown to imperfectly reproduce historical 
runoff conditions in the Upper Rio Grande Basin. 
 
Some of these imperfections could be reduced through refined redevelopment, or 
“calibration,” of the models. To support such model refinement, preliminary 
activities might be spent on updating naturalized flow datasets, where observed 
flows have been adjusted for the effects of upstream reservoir operations, water 
diversions, return flows, and other impairments. Updates ideally would focus on 
extending periods of record, expanding the list of locations, and ensuring the 
uniformity of methods used to construct such datasets. As it is, available natural 
flow datasets across the eight reporting basins are specified for inconsistent 
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periods and for a limited list of locations. Completing such updates also would set 
up the ability to consistently report on historical streamflow trends in the eight 
major reporting basins, where trends are based on historical natural flow 
estimates. The analyses presented in the URGIA do not include such updates and, 
instead, focus on changes information from runoff simulations, as described 
above. 

V.A.7.  Reporting Centrally Projected Effects Rather than Range of 
Possibility 

This report evaluates future hydrology associated with a large collection of 
current climate projections. In this respect, the report represents projection 
uncertainties associated with climate forcing (i.e., greenhouse gas emissions) and 
global climate simulation (given that the collection of projections represents a 
collection of atmospheric ocean general circulation models). However, 
subsequent uncertainties are not quantified in this report, namely those 
associated with bias correction and spatial downscaling (BCSD) of global climate 
projections and assessment of the hydrologic response of this processing of the 
projections. Further, from the collection of hydrologic projections developed, the 
URGIA is framed to draw attention to central projection estimates (or median 
conditions within the “cone” of projection information) rather than the range of 
possibility implied by the complete cone of information. However, it is 
acknowledged that the collection of projections underlying these results also 
suggests a broad range of uncertainty about future regional climate and 
hydrologic conditions, varying from period to period during the 21st century. 
Uncertainties also exist beyond the median change statistics presented within this 
report for temperature, precipitation, and April 1st snowpack. The presentation 
in the URGIA that emphasizes median change was selected for clarity in 
communication. For characterization of how these changes could vary across 
the climate projections considered, please refer to Reclamation (2011a).  
 

V.A.8.  Climate Projections from the Coupled Model 
Intercomparison Project Phase 3 and Phase 5 

The development of climate projections by the World Climate Research 
Programme and an associated assessment report by the IPCC is a recurring 7-year 
process. The next generation of climate projections, Coupled Model Inter-
comparison Project Phase 5 (CMIP5), was not available at the time that the 
analyses were performed for the URGIA. However, these projections have 
recently been developed and are providing the basis for the next IPCC assessment 
report (Fifth Assessment Report, or AR5), which is currently being prepared. 
Although the most recent suite of climate projections based on the CMIP5 models 
use a different approach for representing future greenhouse gas emissions, and 
many of the GCMs have improved representations of the physical atmosphere-
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ocean system, overall, this new suite of simulations are consistent with CMIP3 in 
most respects and provide support for analyses performed using CMIP3. 
Projections based on CMIP3 are still widely used in Impact Assessments and 
remain a valid approach for evaluating climate change impacts. 

The above discussions of uncertainty related to climate forcings and downscaling 
techniques are based on analysis of projections from the CMIP3 suite of 
simulations. The models and scenarios of emissions used in CMIP5 differ in 
several ways from those used in CMIP Phase 3: 
 

• CMIP5 simulations account for increasing greenhouse gas concentrations 
not by emission scenario but instead by applying four Representative 
Concentration Pathways (RCPs), each of which is representative of a 
particular amount of radiative forcing (2.6, 4.5, 6.0, and 8.5 W/m2, 
respectively) occurring by the year 2100. 

• Model resolution has generally increased by a factor of 2 (i.e., CMIP 5 
models have on average twice the number of grid cells representing the 
atmosphere than CMIP3 models). 

• Although many of the models used in CMIP5 are similar in structure to 
those used in CMIP3, many incorporate updated physics and add or 
improve individual process representation. Some of the models used in 
CMIP5 reflect a fundamental advancement in model structure by 
incorporating biogeochemical cycling: this new class of models is referred 
to as Earth System Models. 

It is important to recognize that while CMIP5 offers new information, more work 
is required to better understand CMIP5 and its differences from CMIP3. In some 
regions, model resolution is likely the leading factor resulting in differences. In 
the North American Monsoon region, for example, the higher resolution of 
CMIP5 models allows these models to better capture the landward moisture 
transport and overland convection that results in monsoon precipitation events. 
 
The CMIP Phase 5 projections represent a new opportunity to improve our 
understanding of climate science, which is evolving at a rapid pace. While CMIP 
5 projections may inform future analyses, many completed and ongoing studies 
remain informed by CMIP Phase 3 projections that were selected as best 
information available at the time of study. Even though CMIP Phase 5 provides 
the latest available suite of climate projections, it has not been determined to be a 
better or more reliable source of climate projections compared to existing CMIP 3 
projections. Current state of practice relies on one or both suites of climate 
projections for use in impacts studies. 
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V.B.  Operations Models Uncertainty 

URGSiM reflects physical processes that occur in the Upper Rio Grande as water: 
 

• Moves through the river 
• Is stored in reservoirs 
• Evaporates into the atmosphere 
• Seeps into the groundwater 
• Is distributed to farms and cities through engineered structures 
• Is transpired through plants and trees among other processes 

 
Modeling of each of these processes is based on some combination of physical 
laws (predominantly conservation of mass in the case of URGSiM), operations 
rules, and observation based empirical relationships. Model behavior is calibrated 
to historic observations by manipulating model parameters associated with poorly 
quantified physical properties of the system (e.g., hydraulic conductivity), or 
poorly understood physical processes (e.g., the amount of ungaged inflow to a 
reach as a function of precipitation or nearby gaged streams). URGSiM was 
calibrated based on 1975 through 1999 historic observations of river flows, 
reservoir levels, and groundwater levels. URGSiM was “validated” by using 2000 
through 2005 hydrologic and climatic inputs to drive the model, and comparing 
model outputs—especially simulated river flows and reservoir levels to observed 
values. In both calibration and validation, there is a distribution of “residuals” 
associated with comparing a given model output to actual observations where 
available. For a quantitative description of these residuals, see Appendix E. 
A qualitative list of the most significant model uncertainties in URGSiM 
follows. 
 

• Surface water flows. – Uncertainties come from gage inaccuracies, which 
are more significant as one moves downstream through the Rio Grande 
system and gages are located in areas with sandy bottoms and thus 
variable cross sectional areas. For some discussion on gage uncertainties 
in the URGSiM model extent, see Appendix E. This gage uncertainty will 
directly impact bias correction of VIC hydrographs which are inputs to 
URGSiM for this study. Uncertainties also come from a lack of gaged 
information. In fact, the most important calibration parameter in URGSiM 
reaches upstream of Cochiti Reservoir is ungaged surface water inflow, 
which is modeled as a function of a nearby stream gage. 
 

• Actual agricultural ET. – Potential evapotranspiration can be calculated 
with a reasonable degree of certainty with good meteorological data; 
however, those data are spatially and temporally limited in the URGSiM 
modeled area. Actual evapotranspiration depends on the crop planted, the 
crop area, and the amount of water actually applied to the field. Crop and 
area data are temporally limited in the URGSiM extent. Though water in 
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the agricultural conveyance system is gaged at strategic locations along 
large ditches and drains, it is essentially unknown how much water is 
actually applied to the fields.  
 

• Riparian evapotranspiration. – In URGSiM, riparian evapotranspiration 
is calculated from potential evapotranspiration (discussed above) and 
groundwater depth, calibrated to values represented in the regional 
groundwater models (see Groundwater discharge/recharge bullet below). 
 

• Reservoir evaporation rates. – Reservoir evaporation rates are based on 
pan evaporation times an empirically derived factor designed to account 
for the mostly thermal based differences between pan and reservoir 
evaporation. URGSiM uses a factor of 0.7 for all reservoirs in the Upper 
Rio Grande. 
 

• Surface water/groundwater interactions. – Due to large spatial 
groundwater zones, URGSiM has trouble resolving the impacts of a single 
well field on river leakage. Thus, groundwater pumping impacts on the 
river are muted. 
 

• Groundwater discharge/recharge. – Groundwater discharge to the 
river is a temporally invariant term in URGSiM based on gage analysis 
upstream of the Rio Grande near Embudo Station and the Rio Chama near 
Chamita gages. Downstream of these gages groundwater recharge is 
temporally invariant based on average recharge estimates used in regional 
groundwater models for the Española Groundwater Basin (Frenzel 1995), 
Albuquerque Groundwater Basin (McAda and Barroll 2002), and Socorro 
Groundwater Basin (Shafike 2007). No change to groundwater discharge 
in the upper reaches, or recharge in the groundwater basins as a result of 
climate change is considered here. 
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I.  URGSiM Extent, Resolution, and Data 
Requirements 

I.A.  Spatial Extent, Resolution, and Data 
Requirements 

The Upper Rio Grande Simulation Model (URGSiM) keeps track of mass balance 
in 20 river reaches, 9 reservoirs, and 3 regional groundwater systems (Figure 1). 
URGSiM extends along the Upper Rio Grande from the Colorado Department of 
Water Resources (CDWR) stream gage near Del Norte (RIODELCO) to the 
United States Geologic Survey (USGS) stream gage below Caballo Reservoir 
(USGS 8362500). URGSiM includes the Rio Chama downstream from the USGS 
gage near La Puente (USGS 8284100) including the San Juan-Chama Project 
from the diversion points on the Navajo River, Little Navajo River, and Rio 
Blanco in Colorado. URGSiM also includes the Jemez River from the USGS gage 
near Jemez pueblo (USGS 8324000) to the confluence with the Rio Grande. 

I.A.1.  Surface Water 

Reservoirs 
The nine reservoirs modeled are listed in Table 1. Note that Galisteo Reservoir is 
not modeled. Flows below the Galisteo dam are inputs to URGSiM. 
 
 

Table 1.—Reservoirs Simulated in URGSiM 

Reservoir River System 

Modeled 
Capacity  

(acre-feet) Primary Manager Primary Purposes 
Heron Willow Creek, (Rio Chama) 401,300 Reclamation Storage 
El Vado Rio Chama 195,440 Reclamation Storage 
Abiquiu Rio Chama 1,198,500 USACE Flood Control and 

Storage 
Nichols and McClure Santa Fe River 3,940 City of Santa Fe Storage 
Cochiti Rio Grande 589,159 USACE Flood Control 
Jemez Jemez River 262,473 USACE Flood and Sediment 

Control 
Elephant Butte Rio Grande 2,023,400 Reclamation Storage 
Caballo Rio Grande 326,670 Reclamation Reregulation 
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Figure 1.—The Upper Rio Grande Basin. URGSiM models do not include for 
example, the Rio Salado, or the Rio San Jose, and only includes the Rio Puerco as 
gaged inflows to the Rio Grande. 
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River Reaches 
River reaches begin either at an input gage for headwater reaches or at a 
calibration gage marking the end of the reach above. Input gages are listed in 
Table 2, and calibration gages in Table 3. Input gages are located on the model 
boundary and provide inflows to the top of headwater reaches as well as tributary 
inflows to reaches throughout the system. Calibration gages are stream gages 
at the end of river reaches that are internal to the model extent and that have 
continuous1 historic records (starting no later than 1975). At the calibration gages, 
modeled values can be compared to observed values during the historic period. 

Temperature and Precipitation Data 
In addition to hydrologic surface water inputs, URGSiM requires temperature and 
precipitation data from the historic climate station locations shown in Table 4. 
This information is used to calculate reference evapotranspiration (ET), effective 
precipitation,2 and reservoir gains from precipitation. 

I.A.2.  Groundwater 
Regional groundwater basins modeled explicitly in URGSiM are shown in 
Figure 2. 
 
Groundwater basins are the: 
 

• Espanola groundwater basin which interacts with the surface water system 
from the Rio Chama-Rio Grande confluence to above Cochiti Reservoir 
 

•  Albuquerque groundwater basin which interacts with the surface water 
system from above Cochiti Reservoir to San Acacia 
 

• Socorro groundwater basin which interacts with the surface water system 
from San Acacia to Elephant Butte 

I.A.3.  Cities 
Cities represent a spatial unit of demand, consumptive use, and return that is 
distinct from surface water reaches and groundwater zones. In each city, 
URGSiM tracks population, surface water use, groundwater use, indoor and 
outdoor water use, and return flows. Cities interact with surface water reaches and 

                                                
     1 The gage along the Rio Grande at Bernardo (USGS #08332010) is an exception to this as it did not 
operate from 2006 through 2010 <http://waterdata.usgs.gov/nwis/nwisman/?site_no=08332010>. 
     2 Effective precipitation: water availability is determined for irrigated crops as a fraction of 
monthly rainfall. 

http://waterdata.usgs.gov/nwis/nwisman/?site_no=08332010
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Table 2.—URGSiM Input Gages 

Gage Name USGS Gage ID CODWR Gage 

Datum 
Elevation 

(feet 
amsl)* 

Latitude 
(dd)** Longitude (dd) 

Rio Grande near Del Norte  RIODELCO 7,980 37.68944 106.46056 
Conejos River near Mogote  CONMOGCO 8,269 37.05389 106.18694 
Los Pinos River near Ortiz  LOSORTCO 8,042 36.98222 106.07361 
San Antonio River at Ortiz  SANORTCO 7,970 36.99306 106.03806 
Costilla Creek near Garcia 8261000  7,821 36.98917 105.53167 
Red River below Fish 
Hatchery 8266820  7,105 36.68278 105.65389 

Rio Pueblo de Taos below 
Los Cordovas 8276300  6,650 36.37917 105.66667 

Embudo Creek at Dixon 8279000  5,859 36.21083 105.91306 
Rio Chama near La Puente 8284100  7,083 36.6625 106.6325 
Blanco Diversion near 
Pagosa Springs  BLADIVCO  37.20361 106.80972 

Rio Blanco below Blanco 
Diversion  RIOBLACO 7,858 37.20361 106.81167 

Little Oso Diversion near 
Chromo  LOSODVCO  37.07556 106.81056 

Little Navajo River below 
Little Oso Diversion  LITOSOCO  37.07717 106.81147 

Oso Diversion near Chromo  OSODIVCO  37.03028 106.73722 
Navajo River below Oso 
Diversion  NAVOSOCO 7,665 37.03028 106.73722 

Rio Ojo Caliente at La 
Madera 8289000  6,359 36.34972 106.04361 

Rio Nambe below Nambe 
Falls Dam 8294210  6,840 35.84611 105.90972 

Santa Fe River above 
McClure 8315480  7,920 35.68869 105.82408 

Santa Fe River above 
Cochiti 8317200  5,505 35.54722 106.22889 

Galisteo Creek Below 
Galisteo Dam 8317950  5,450 35.46389 106.21306 

Jemez River near Jemez 8324000  5,622 35.66194 106.74278 
North Floodway Channel 
near Alameda 8329900  5,015 35.19806 106.59972 

S. Diversion Channel above 
Tijeras Arroyo 8330775  4,930 35.00278 106.65722 

Tijeras Arroyo near 
Albuquerque 8330600  4,999 35.00278 106.64806 

Rio Puerco near Bernardo 8353000  4,722 34.41028 106.85444 
     All of these gages, except Rio Nambe below Nambe Falls Dam, are used directly as gaged inflows to URGSiM during the historic 
period. The Rio Nambe gage is used indirectly to calculate ungaged inflows to URGSiM. Gages are maintained and operated by 
USGS or CODWR, and online records can be found on the websites of these agencies. 
 
     * amsl = above mean sea level **dd = decimal degree. 
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Table 3.—URGSiM Calibration Gages 

Gage Name 
USGS 

Gage ID 
CODWR 

Gage 

Datum 
Elevation 

(amsl) 
Latitude 

(dd) 
Longitude 

(dd) 

Rio Grande near Lobatos  RIOLOBCO 7,428 37.07861 105.75639 

Rio Grande near Cerro 8263500  7,110 36.74 105.68306 

Rio Grande below Taos Junction Bridge 8276500  6,050 36.32 105.75389 

Rio Grande at Embudo 8279500  5,789 36.20556 105.96417 

Azotea tunnel at outlet near Chama 8284160 AZOTUNNM 7,520 36.85333 106.67167 

Willow Creek below Heron 8284520   36.66556 106.70361 

Rio Chama below El Vado 8285500  6,696 36.58 106.72389 

Rio Chama above Abiquiu Reservoir 8286500  6,280 36.31861 106.59722 

Rio Chama below Abiquiu Dam 8287000  6,040 36.23694 106.41639 

Rio Chama near Chamita 8290000  5,654 36.07278 106.10944 

Rio Grande at Otowi 8313000  5,488 35.87444 106.14167 

Rio Grande below Cochiti 8317400  5,226 35.61778 106.32361 

Rio Grande at San Felipe 8319000  5,116 35.44444 106.43944 

Jemez River below Jemez Canyon Dam 8329000  5,096 35.39028 106.53444 

Rio Grande at Albuquerque 8330000  4,946 35.08917 106.68028 

Rio Grande Floodway near Bernardo 8332010  4,723 34.41694 106.8 

Rio Grande Floodway at San Acacia 8354900  4,655 34.25639 106.89083 

Rio Grande Floodway at San Marcial 8358400  4,242 33.68056 106.99167 

Rio Grande below Elephant Butte Dam 8361000  4,241 33.14583 107.20556 

Rio Grande below Caballo Dam 8362500  4,141 32.88491 107.2927 

These gages measure flow within the URGSiM model extent, and are used to calibrate and validate the model during the 
calibration and validation periods respectively. Gages are maintained and operated by the United States Geological 
Service (USGS) or the Colorado Division of Water Resources (CODWR), and online records can be found on the 
websites of these agencies. 
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Table 4.—Climate Stations Used for Climate Inputs to URGSiM. 

Station Name NWS Cooperative Network Number Latitude (dd) Longitude (dd) 

Heron Reservoir NA 36.853 -106.671 

El Vado Dam 292837 36.600 -106.733 

Abiquiu Dam 290041-2 36.233 -106.433 

Cerro 291630 36.750 -105.600 

Alcalde 290245 36.100 -106.067 

Espanola 293031 36.000 -106.083 

Cochiti Dam 291982 35.633 -106.317 

Pena Blanca 296693 35.581 -106.334 

Jemez Reservoir 294366 35.390 -106.534 

Angostura NA 35.375 -106.503 

Albuquerque Bosque NA 35.261 -106.596 

Albuquerque Airport 290234 35.050 -106.617 

Los Lunas 295150 34.767 -106.761 

Jarales NA 34.612 -106.755 

Bernardo 290915 34.417 -106.833 

Socorro 298387 34.083 -106.883 

BDA North NA 33.870 -106.862 

Bosque del Apache 291138 33.767 -106.900 

Elephant Butte Dam 292848 33.150 -107.183 

Caballo Dam 291286 32.900 -107.300 

NMSU 298535 32.282 -106.760 

Temperature and precipitation data from these historical weather station locations are used in URGSiM to 
estimate reference ET, effective precipitation, and precipitation gains to reservoirs. 

 
 
groundwater zones via diversions, well pumping, and return flows. URGSiM 
models the cities of Espanola, Los Alamos, Santa Fe, Bernalillo, Rio Rancho, 
Albuquerque, Los Lunas, Belen, Socorro, and Truth or Consequences. 

I.B.  URGSiM Temporal Extent, Resolution, and Data 
Requirements 

URGSiM is a monthly timestep model that was calibrated to historic data (from 
1975 through 1999) and validated with historic data from (2000 through 2009).  
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Figure 2.—URGSiM spatial extent including input gages, calibration gages, 
modeled reservoirs, and groundwater basins. Light green lines show the 
groundwater zones for the Espanola, Albuquerque, and Socorro basin 
groundwater models. 
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Spatially distributed temperature, precipitation, and flow data are required to drive 
the model, and flow data from the calibration gages are required to calibrate the 
model. In scenario mode, the model can sample from historic data (from 1950 to 
2009) to generate climate sequences for simulation runs based on historic data. 
Resampled historic data have been used for stochastic analysis of the basin 
(Roach 2009) as well as a reservoir specific analysis of the hydrologic 
implications of different maximum storage volumes at El Vado Reservoir (Roach 
2011). For the Upper Rio Grande Impact Assessment (URGIA), synthetic flows at 
all input locations were generated by statistical post processing of output from a 
basin scale rainfall runoff model. 
 
Initial conditions necessary to run URGSiM include: 
 

• Reservoir storage volumes by water type 
• Groundwater storage volumes 
• Irrigated agricultural area 
• Initial human population 
• San Juan-Chama Project diversions for the previous ten years 
• New Mexico’s initial Rio Grande compact balance 

 
For comparative analysis of runs spanning several decades, model results will not 
be particularly sensitive to initial conditions; however, initial conditions do need 
to be specified. 

II.  URGSiM Mass Balance Calculations 
URGSiM tracks mass balance in 3 regional groundwater basins, 20 different 
surface water reaches, and 9 different surface water reservoirs. Methods used in 
each of these mass balance units are described in more detail in the following 
three sections. 

II.A.  Groundwater Mass Balance 

URGSiM uses surface water-ground water interactions that are static for reaches 
above the Rio Chama-Rio Grande confluence and dynamic for reaches between 
this confluence and Elephant Butte reservoir. URGSiM does not include explicit 
surface water -groundwater interactions between Elephant Butte and Caballo 
reservoirs. 

II.A.1.  Groundwater Discharge above Chamita and Embudo 
Relevant studies of the geohydrology of the groundwater system associated with 
the Rio Grande and Rio Chama river systems north of their confluence include a 
characterization of the aquifer geology by Wilkins (1986), a mass balance 
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characterization of the Rio Grande system above Embudo by Hearne and Dewey 
(1988), and a regional groundwater model of the Taos area by Barroll and Burck 
(2006). The Rio Chama and Rio Grande tend to be gaining above Chamita and 
Embudo respectively; however, quantitative estimates of the magnitude of that 
gain are limited. Hearne and Dewey (1988) constrained overall contributions with 
surface gage data, while Barroll and Burck (2006) calibrated groundwater flows 
to the Rio Grande between Arroyo Hondo and Rio Pueblo de Taos using 
estimates based on direct stream flow measurements. Because the Hearne and 
Dewey work is spatially lumped above the Embudo gage and the Barroll and 
Burck work is spatially limited, additional data were developed for use in 
URGSiM. 
 
The magnitude of groundwater contributions for reaches upstream of 
Chamita/Embudo was estimated by analyzing winter gage flows. Historic gage 
data was filtered for winter months (November through February) when 
agricultural diversions and riparian ET are assumed negligible such that surface 
water losses are limited to direct evaporation from the river surface. Evaporative 
losses from the river channel for winter months during the calibration period 
(1975 through 1999) were calculated with estimates of river area (see section 
II.B.1.a River Reach Inflows and Outflows) and open water evaporation (see 
section III.B.1.b. Reach Open Water Area). In a given reach between an upstream 
and downstream gage, the calculated evaporative losses were removed from the 
upstream gaged flow, and gaged tributary flows—if any—were added to the 
upstream gaged flow. This “corrected” flow at the downstream gage was 
compared to the gaged flow to get a residual flow (observed–corrected) for each 
calibration winter month for each reach. The residual flow is positive when the 
downstream gage reading is larger than the corrected estimate. These residuals 
represent a combination of gage error, error in loss approximation, and ungaged 
gains between the gages. If gage and model errors are not overwhelming, the 
residuals should represent a proxy to ungaged inflows. No meaningful 
relationship was discovered between these ungaged inflow approximations and 
precipitation, snow pack, reservoir stage (Chama reaches), or stream flow. The 
ungaged groundwater inflows were set to constant values that result in an 
approximately equal number of negative and positive residuals in each reach for 
winter months 1975 through 1999. The mathematical details and an example 
calculation are shown below. 
 
The uncorrected winter residual for a given reach in a given month is the 
difference between the upstream gage plus tributary flow (inflows) and the 
downstream gage reading plus calculated evaporative losses (outflows) in 
Equation 1:  

 
 
where: 
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 = the uncorrected winter residual for reach j in month m [L3/T] 

 = the gaged flow at the bottom of reach j in month m [L3/T] 

 = the modeled loss for reach j in month m [L3/T] 
 = the gaged flow at the top of reach j in month m [L3/T] 

 = the gaged tributary input to reach j in month m [L3/T] 
 
For example, the January 1975 Lobatos (upstream gage) to Cerro (downstream 
gage) uncorrected winter residual was 29 cubic feet per second (cfs). 
 
 

 
 
The uncorrected and corrected winter residuals for the Lobatos to Cerro reach for 
each winter month (November through February) are shown in Figure 3, and 
suggest that the reach gained an average of 39 cfs during winter months in the 
years from 1975 through 1999. To estimate groundwater contribution magnitude, 
a constant groundwater inflow is added to the reach to get a corrected winter 
residual that is negative approximately as often as positive during the calibration 
period. For figures like Figure 3 for other URGSiM reaches above Chamita on the 
Rio Chama and Embudo on the Rio Grande, see Section 2.2.3.3.1 of Roach 
(2007). The static groundwater contributions above the Rio Chama gage near 
Chamita, and above the Rio Grande gage at Embudo Station calculated in this 
manner are shown in Table 5. Because of potential ungaged surface runoff during 
historic winter months, these estimates may include ungaged surface flows.  
 
The 34-mile reach from Cerro to Taos Junction Bridge includes a 17-mile stretch 
from below the Arroyo Hondo tributary to above the Rio Pueblo de Taos tributary 
that was the subject of USGS seepage studies in 1963 - 1964, and TetraTech, Inc., 
in 2003. These studies estimated groundwater surface water interactions by 
measuring surface flows at several cross sections along the reach. TetraTech 
estimated a net groundwater gain in the Rio Grande from Arroyo Hondo to Taos 
Junction Bridge of approximately 22 cfs for the 17-mile stretch (1.3 cfs/mile), 
while the USGS estimated gains of 17, 15, and 7.5 cfs for the same stretch in 
August 1963, October 1963, and October 1964 respectively (1, 0.9, and 0.4 
cfs/mile) (USGS cited in Tetra Tech Inc. 2003). As a result of these analyses, 
Barroll and Burck (2006) calibrated groundwater leakage to the Rio Grande 
between Arroyo Hondo and Rio Pueblo de Taos to be approximately 1 cfs/mile. 
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Figure 3.—Uncorrected and corrected winter residuals for the Lobatos to Cerro 
reach 1975 through 1999. 
 
 
Table 5.—Constant Groundwater Contribution Added to Reaches above 
Rio Grande Rio Chama Confluence. Values based on winter gage analysis as 
described in section 2.2.3.3.1 of Roach (2007) 

 
Reach 

Adopted Ungaged 
Groundwater 

Contribution (cfs) 
Reach Length 

(mile) 

Groundwater 
Contribution per Mile 

(cfs/mile) 

C
ha

m
a El Vado to Abiquiu 8 29 0.3 

Abiquiu to Chamita 17 29 0.6 
Chama Total 25 58 0.4 

R
io

 G
ra

nd
e Lobatos to Cerro 39 26 1.5 

Cerro to Taos Bridge 77 35 2.2 
Taos Bridge to Embudo 0 15 0.0 

Rio Grande Total 116 76 1.5 
 
 
These estimates are quite a bit lower per mile than the 94 cfs total inflow to the 
35-mile reach (2.7 cfs/mile) suggested by the winter gage analysis described 
above for the encompassing Cerro to Taos Bridge reach in URGSiM.  
 
The USGS operated a gage on the Rio Grande below the Arroyo Hondo 
confluence from March 1963 through September 1996 and from July 2002 
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through September 20043. These data were not used in the winter gage based 
groundwater discharge analysis described here because of an incomplete historic 
record. Applying the same winter residual method described above to the reach 
from Cerro to Arroyo Hondo when the gage on the Rio Grande below the Arroyo 
Hondo confluence was active suggests that, on average, 78 cfs of base flow enters 
the Rio Grande in that stretch, leaving 16 cfs to enter the river between Arroyo 
Hondo and Taos Junction Bridge, a distance of 19 miles. This value compares 
well with the seepage studies and adopted value used by Barroll and Burck 
(2006). The 78 cfs of calculated base flow in the 16-mile stretch from Cerro to 
Arroyo Hondo is high because it includes tributary inputs from the Arroyo 
Hondo. Because of incomplete historic record, this tributary is not included as 
gaged inflow to the reach, but the USGS did operate a gage on the Arroyo Hondo 
near the Rio Grande confluence from 1912 to 1985.4 Data from that gage suggest 
that average winter flows of the Arroyo Hondo are about 17 cfs. This reduces the 
estimated groundwater input to the Cerro to Arroyo Hondo stretch to about 60 cfs 
in 19 miles, a high value at 3.2 cfs/mile, but plausible for the area. The adopted 
groundwater contribution to the Cerro to Taos Junction Bridge reach is 77 cfs, 
with the remaining 17 cfs attributed to surface water inflow from Arroyo Hondo. 

II.A.2.  Dynamic Regional Groundwater Modeling 
Below the Rio Chama-Rio Grande confluence, groundwater flow is modeled 
spatially based on published regional groundwater flow models for the Espanola 
Basin (Frenzel 1995), Albuquerque Basin (McAda and Barroll 2002), and Socorro 
Basin (Shafike 2007). The URGSiM versions of these regional groundwater 
models contain 16, 51, and 12 spatial zones respectively, and were calibrated 
to match terms in the more spatially refined regional groundwater models 
mentioned above. The regional groundwater development and calibration using 
compartmental groundwater modeling is described conceptually in Roach and 
Tidwell (2009).  
 
The specific parameterization of the URGSiM groundwater models for the 
Albuquerque and Socorro groundwater basins changed in 2012 based on a change 
to the method for calculation of reference evapotranspiration5. The 2012 
parameterizations are included as section III.I. Calibration Parameters for URGIA 
runs. 

Albuquerque Groundwater Basin 
The development of URGSiM’s representation of groundwater dynamics in the 
Albuquerque groundwater basin is described in Roach and Tidwell (2009) and 
also in Roach (2007).  

                                                
     3 USGS gage ID number 08268700. 
     4 USGS gage ID number 08268500. 
     5 For more information on the changes to reference evapotranspiration, see Roach (2012). 
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Espanola Groundwater Basin 
The Espanola groundwater basin lies to the north of the Albuquerque Basin, and 
for the purposes of this analysis interacts with the Upper Rio Grande river system 
from the Rio Chama/Rio Grande confluence in the north to the beginning of the 
Cochiti Reservoir maximum pool extent in the south. This spatial extent is based 
on a MODFLOW (McDonald and Harbaugh 1988) regional groundwater 
model of the area created by Peter Frenzel (1995) as an enhanced version of a 
MODFLOW model created by McAda and Wasiolek (1988). The spatial extent of 
the Frenzel model is shown in Figure 4. 
 

Figure 4.—Spatial extent of Frenzel (1995) regional groundwater model 
of the Espanola Basin. Taken from Frenzel (1995), Figure 1. 
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Espanola Groundwater Basin Zone Delineation and Connectivity 
Determination 
Using methodology discussed in Roach and Tidwell (2009), 16 zones were 
spatially aggregated from the Frenzel grid. The trial-and-error procedure was 
analogous to the approach taken in the Albuquerque basin, and proceeded until 
MODFLOW estimated flows, on average, between the zones chosen traveled from 
higher average head to lower average head. The 16 zones are shown in Figure 5. 
Three shallow aquifer zones (14 through 16) were defined to represent the alluvial 
aquifer sediments associated with the Rio Grande and Pojoaque River. The 
shallow aquifer zones contain only the top layer of the Frenzel MODFLOW grid. 
 

 
Figure 5.—Spatially aggregated zones used for simulation of Espanola Basin 
groundwater system. Shallow aquifer zones (14 through 16) are associated with 
top two layers of Frenzel (1995) model. 
 
 
All other aquifer zones contain all eight Frenzel model layers. Zone bottom 
elevations were assumed to be 200 feet beneath the 1975 heads for alluvial zones, 
and 5,600 feet beneath the 1975 heads for all other zones, based on Frenzel model 
layer thicknesses for layer 1 and 1 through 8 respectively. 
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Initial head values used depend on the specific application of URGSiM. However, 
1975 values are shown for reference in section III.I. A specific yield of 0.15 is 
used for all zones, consistent with the Frenzel model. As was done with the 
51-zone Albuquerque basin model described in Roach and Tidwell (2009), head 
values through time from the MODFLOW groundwater model were used to find 
flow between zones and average head values for the 16 zones for the calibration 
period 1975 through 1992 (end of Frenzel historic period) from which average unit 
flow values for each zone pair were calculated. The unit head matrix for the 
16-zone model is provided in Section III.I. Calibration Parameters for URGIA 
Runs. 

Espanola Groundwater Basin Source and Boundary Flux Definition and Calibration 
Modeled groundwater dynamics are less complex in the Espanola basin than the 
Albuquerque basin. Irrigated agriculture within the Espanola basin model extent 
is not explicitly connected to the groundwater system by Frenzel or URGSiM, nor 
is there a head-dependent evapotranspiration term modeled. Specified flux terms 
in the Frenzel model were used as specified terms in the 16-zone model as well. 
Spatial distribution of terms was taken from Frenzel input files. Specified flux 
terms for the Espanola Basin model are summarized in Table 6. The specified 
channel recharge includes input from losing stretches of the Rio Nambe, Rio 
Tesuque, and Arroyo Hondo. The minor disparity in the southern boundary flows 
seen in Table 6 may be the result of misinterpretation of the MODFLOW input 
files, though all other terms reported in Table 6 were extracted from those same 
input files, and are consistent with the overall Frenzel (1995) budget.  
 
Sewer recharge from the Los Alamos area is not included in the Frenzel model or 
the 16-zone model due to lack of information. Sewer recharge from the Espanola 
area is assumed to return to the surface water system and is not included in either 
groundwater model. Sewer recharge from the Santa Fe area recharges the lower 
Santa Fe river channel and is treated as a specified time variant flux by Frenzel. 
Frenzel values are used in the 16-zone model from 1975 through 1992, and 
thereafter by assuming Santa Fe indoor water use ends up as effluent, ½ of which 
is assumed to recharge the groundwater system. Estimated Santa Fe sewage 
recharge input values for the 1975 through 1999 period are shown in Figure 6. 
 
Well data for Los Alamos and Santa Fe well fields were specified based on 
Frenzel values for the 1975 through 1992 period, and based on the Jemez y 
Sangre Water Planning Council’s Regional Water Plan (2003) for the 1993 
through1999 period. Espanola well field pumping is not represented in the Frenzel 
model, and was taken from the Jemez y Sangre Water Plan as available from 1975 
through 1999 for use in the 16-zone model. Private and domestic well data are 
used from Frenzel for 1975 through 1992, and increased by 2.4 percent per year 
from 1992 values for the 1993 through 1999 period. Adopted well extraction 
values for the major well fields in the Espanola basin are shown in Figure 7. 
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Table 6.—Specified Fluxes (T) to the 16-Zone Spatially Aggregated Espanola Basin 
Groundwater Model 

Zone 

Areal 
Recharge 

(cfs) 

Mountain 
Front 

Recharge 
(cfs) 

Channel 
Recharge 

(cfs) 

Santa Fe 
River 

Recharge 
(cfs) 

La 
Cienaga 
Springs 

(cfs) 

South 
Boundary 

Flow 
(cfs) 

1 0.0812 8.02     
2 0.0884      
3 0.0449 4.2     

4 0.0333      
5 0.0870 2.06     
6 0.0812      
7 0.1000 6.1 4.3    
8 0.2392      
9 0.0645      

10 0.5393 8.3 5.1 2.2   
11 0.0689     0.28 

12 1.7309    -6.5 -1.74 
13 0.9785 2.25 0.7   -0.17 
14 0.5813      
15 0.0507      

16 0.0072      

Total 4.8 30.9 10.1 2.2 -6.5 -1.6 

Frenzel 
Total 4.8 31 10.1 2.2 -6.5 -2.3 

 
 
 

Figure 6.—Estimated Santa Fe sewage return values 1975 through 1999. 

Estimated recharge from Santa Fe Sewage returns 1975-1999 
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Figure 7.—Well extraction input data for the Espanola Basin 1975 through 1999. 
 

Consistent with the Frenzel approach, head-dependent terms incorporated into the 
16-zone model include: 
 

• A constant head boundary to the north 
 

• River-aquifer interactions for the Rio Grande, Pojoaque River, 
Rio Tesuque and Rio Nambe 

For simplicity and consistency with Frenzel, stream-aquifer interactions were 
calculated using stream conductance in Equation 2: 
 

 (2) 

 
where  is volumetric flow from the aquifer to the stream,  and  are 

the aquifer head and stream stage respectively, and  is the stream bed 
conductance, a constant with units of length squared per time, which lumps 
hydrologic and geometric properties of the stream bed through which flow occurs. 
Stream stage for the Rio Grande is calculated as a function of flow rate using 
flow-stage relationships for Embudo and Otowi gages. Stream stages above 
Otowi are calculated with an average of Embudo and Otowi predicted stages, and 
stream stages below Otowi with the Otowi predicted stage. Flows come from the 
URGSiM surface water module, which is calibrated to USGS historic gaged flows 
as described in section II.B.1. Stream stage for the other streams is a spatial 
average of the values used by Frenzel, and is time invariant. Parameters 
associated with stream-aquifer interactions are summarized in section III.I: 
Calibration Parameters for URGIA Runs. 
 

)(2 straqstrstraq zhCQ −=

straqQ 2 aqh strz
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URGSiM uses regional groundwater models: the Espanola, Albuquerque, and 
Socorro basin models. The spatially aggregated model incorporates a head-
dependent flow from the 16-zone Espanola basin model to the 51-zone 
Albuquerque basin model to the southwest, which connects the models, replacing 
a constant head boundary in the Frenzel (1995) model and a constant flux 
boundary in the McAda and Barroll (2002) model. Unit head flow values used for 
boundary flow into the Espanola basin from the north, and out to the Albuquerque 
groundwater basin to the southwest are shown in section III.I: Calibration 
Parameters for URGIA Runs. 

Espanola Groundwater Basin Results 
Head-dependent stream-aquifer interactions for the Rio Grande are compared to 
the Frenzel values in Figure 8. The Frenzel values, which end in 1992, were the 
overall calibration target and do not show seasonality because of the annual 
timestep of the Frenzel model. Seasonality in the spatially aggregated model 
comes from a monthly stream stage calculated in the coupled surface water 
model. The seasonality is far greater in the system south of Otowi because the 
river in this section is within a canyon, and subject to large stage variations as 
flows change. As described above, stream aquifer interactions for the Pojoaque 
River and Rio Nambe/Rio Tesuque combination are modeled with fixed stream 
stage. These interactions are essentially constant at 4.3 and 4.6 cfs flow to the 
streams respectively, as a result of calibration to associated values in the Frenzel 
model. 
 

Figure 8.—Stream-aquifer interactions for the Rio Grande–Espanola basin 
groundwater system north of Otowi gage. 

 
 
Head-dependent flows modeled from the 16-zone Espanola basin model to the  
51-zone Albuquerque basin model are compared to the associated specified flows 
used by Frenzel (1995) as an outflow from the Espanola basin, and McAda and 
Barroll (2002) as an inflow to the Albuquerque basin in Figure 9. The head-
dependent flow between basins was calibrated to end up between the Frenzel and  
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Figure 9.—Simulated groundwater flows from the Espanola Basin to the 
Albuquerque Basin from 1975 through 1999. The combination of the Espanola 
Basin and Albuquerque Basin spatially aggregated groundwater models are 
compared to fixed boundary flows estimated by Frenzel (1995) and McAda and 
Barroll (2002). Combined model decreases initially due to groundwater mounding 
beneath Cochiti Reservoir. 
 
 
McAda and Barroll estimate, and declines initially as leakage from Cochiti 
Reservoir associated with reservoir operations beginning around 1975 slows 
groundwater flow from Albuquerque basin to the Espanola basin. 

Drawdowns in the basin between 1975 and 1999 as simulated by Frenzel and the 
16-zone model are shown in Figure 10. Another way to compare relative model 
performance is to look at each timestep at net subsurface flow between any two 
zones and then at each timestep, sum all of these flows for all zones. The resulting 
metric is a measure of how much groundwater movement there is in each 
groundwater model at each timestep. Figure 11 shows the net groundwater 
movement between zones for both models. Figure 10 and Figure 11 demonstrate 
that the spatially aggregated Espanola basin model used by URGSiM is able to 
capture the salient behavior of Frenzel’s spatially distributed model. In addition, 
the spatially aggregated model facilitates dynamic connection to the Albuquerque 
basin spatially aggregated groundwater model and the overlying surface water 
module. 

II.A.2.1 The Socorro Groundwater Basin 
The Socorro groundwater basin is associated with the Rio Grande river system 
south of San Acacia. The Albuquerque and Socorro groundwater basins are 
separated by a basin uplift known as the San Acacia constriction, which 
effectively separates the two groundwater systems (Shafike 2005). Groundwater 
pumping in the Socorro basin serves domestic, municipal, and industrial use in 

Flows from Espanola groundwater basin to Albuquerque groundwater basin.
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Figure 10.—Drawdown in the Espanola Basin from 1975 to 1992 as modeled 
by Frenzel (1995) and the 16-zone compartmental groundwater model. Both 
models show the dominant patterns of drawdown from Santa Fe and Los 
Alamos well fields, and mounding from Santa Fe sewage recharge in the 
southwest. 
 

 

 
Figure 11.—Net groundwater movement between Espanola basin 
groundwater zones. At each timestep, the absolute value of all 
flows between any two zones is summed as a comparison metric 
to help evaluate the ability of the 16-zone compartmental model to 
capture the overall groundwater movement patterns. 
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sparsely populated Socorro county, (2005 population of 18,000 according to the 
U.S. Census Bureau [2007]), as well as supplemental irrigation demand if surface 
irrigation supplies are short (Shafike 2005).  
 
The relatively small groundwater use associated with domestic, municipal, and 
industrial demands compared to overall basin fluxes suggests that the flow 
parameters for the groundwater model might be reasonably approximated by 
assuming a steady state flow. Following this reasoning, Shafike calibrated a 
spatially explicit model of the basin using steady state flow estimates, and used 
that parameterization for a one year transient run using surface water conditions 
observed in 2001 (Shafike 2007). Figure 12 shows the spatial extent of the 
Shafike model.  
 
 

 
Figure 12.—Active model grid for Shafike (2005) groundwater model of Socorro 
groundwater basin (left), and zone delineation for the spatially aggregated model 
(right). The spatially aggregated model contains shallow aquifer zones (1–3) that 
roughly coincide with the top layer of the Shafike model within the inner valley. 
The red outline delineates the Bosque del Apache National Wildlife Refuge. Left 
image from Shafike (2005, Figure 11a). 
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Because of the limited timeframe of the transient run and the relative equilibrium 
of the overall groundwater system, a different approach was used to develop a 
spatially aggregated groundwater model for the Socorro basin than was used in 
the Albuquerque and Espanola basins. A spatially aggregated groundwater model 
containing 12 zones was calibrated to the steady state fluxes reported by Shafike 
for the basin to develop a unit head flow conductivity matrix. The groundwater 
model was then run for the 1975 through 1999 calibration period with dynamic 
surface water exchanges modeled as in the Albuquerque and Espanola basin 
models described above. The source fluxes (crop seepage, canal leakage, river 
leakage, drain capture, and riparian ET) were modified as necessary from the 
steady state estimates during calibration to result in mass balance for the coupled 
surface water groundwater system from 1975 through 1999. The following 
subsections describe this procedure in more detail. 

Socorro Groundwater Basin Zone Delineation and Connectivity Determination 
In the 48-mile surface water reach from the Rio Grande gage near San Acacia to 
the Rio Grande gage near San Marcial, surface water diversions largely support 
irrigated agriculture demands in the top 30 miles (approximate), and wildlife 
habitat conservation for the Bosque del Apache National Wildlife Refuge in the 
bottom 18 miles (approximate) (USACE et al. 2002). For this reason, the spatially 
aggregated groundwater system model was divided into three major longitudinal 
sections covering the river system: 
 

1) From San Acacia to the northern boundary of Bosque del Apache 
 

2) From the northern boundary of Bosque del Apache to San Marcial 
 

3) From San Marcial to the southern extent of the Shafike model at 
approximately 33.5 degrees latitude (see Figure 12). 

 
In each of these sections, the groundwater system is partitioned into four 
compartments: 
 

• A narrow and thin shallow aquifer compartment representing high-
conductivity alluvial sediments 
 

• A central regional aquifer compartment surrounding and underlying the 
shallow aquifer compartment 
 

• Two regional aquifer compartments—one on each side of the central 
regional compartment 

 
The groundwater compartments are shown in Figure 12. 
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To estimate the unit head flow parameters for the spatially aggregated model, 
steady state groundwater flows between the 12 zones were estimated as follows.  
 

1) First, flow along the river axis from shallow aquifer zone to shallow aquifer 
zone (1 to 2, 2 to 3, and 3 to south boundary) and from central regional to 
central regional zone (5 to 8, 8 to 11, and 11 to south boundary) was 
estimated with Darcy’s law using visual inspection of steady state hydraulic 
gradients from a file of steady state heads provided by Nabil Shafike (Shafike 
2005) and average aquifer geometry and hydrologic properties from the 
Shafike (2005) report. Results of those calculations are shown in Table 7. 

 
 
Table 7.—Darcy-Based Calculations to Estimate Steady State Flow in North-South 
Direction for Socorro Groundwater Basin Shallow and Central Regional Aquifer 
Zones 

 

Sub-Reach Zone 
Ksat 

(feet/day) 

Ave 
Zone 
Width 
(feet) 

Ave 
Zone 
Depth 
(feet) 

SS 
Hydraulic 
Gradient 

(-) 

North South 
SS Flow 

through Zone 
(acre-feet per 

year) 

Sh
al

lo
w

 A
qu

ife
r 

Zo
ne

 

San Acacia to Bosque del 
Apache 1 100 10000 100 0.0008 690 

Bosque del Apache to 
San Marcial 2 100 10000 100 0.0006 510 

San Marcial to Elephant 
Butte 3 100 10000 100 0.0006 480 

C
en

te
r R

eg
io

na
l 

A
qu

ife
r Z

on
e 

San Acacia to Bosque del 
Apache 5 0.3 20000 4000 0.0008 170 

Bosque del Apache to 
San Marcial 8 0.3 20000 4000 0.0006 130 

San Marcial to Elephant 
Butte 11 0.3 20000 4000 0.0006 120 

 
 

2) Next, visual inspection of steady state heads led to the rough assumption 
that of mountain front recharge occurring between San Acacia and Bosque 
del Apache, 10 percent of the mountain front recharge flowed south to 
neighboring regional zones (zone 4 flow to zone 7 and zone 6 flow to 
zone 9), and 90 percent flowed to zone 5. Groundwater flow between 
regional aquifer zones on the margins of the model north and south of 
San Marcial (zones 7 flow to zone 10 and zone 9 flow to zone 12) was 
assumed negligible. Finally, it was assumed that at steady state, flow across 
the southern boundary of the model from the regional aquifer east of the 
river (flow from zone 12 to the south) was also negligible. With these 
assumptions, flow between each zone could be specified. For example, the 
central regional aquifer between San Acacia and Bosque del Apache 
(zone 5) receives 90 percent of mountain front recharge from the regional 
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aquifers to the east (zone 6) and west (zone 4) totaling 4,806 acre-feet per 
year. As seen in Table 7, 170 acre-feet per year moves to the next central 
regional aquifer south (zone 8). Thus 4,636 (i.e., 4,806 – 170) acre-feet per 
year must flow to the overlying shallow aquifer zone (zone 1). The same 
logic was applied to each zone, resulting in the steady state flow matrix 
shown in Table 8.  
 
 

Table 8.—Estimated Steady StateGroundwater Flows Between Socorro Groundwater 
Basin Zones, and to the South Boundary for the 12-Zone Spatially Aggregated Model 

 Socorro Basin Estimated SS GW Flows (acre-feet per year) 
To Zone 

1 2 3 4 5 6 7 8 9 10 11 12 SB 

Fr
om

 Z
on

e 

1   690   -4636          
2 -690   510     -4004       
3   -510          -1620  480 
4       3645  405        

5 4636   -3645   -1161  170       
6      1161     129      
7     -405     3835  0     
8   4004   -170  -3835   -129  130    
9       -129  129     0   

10        0     1610  4830 
11    1620     -130  -1610   0 120 
12          0  0   0 

SB    -480       -4830 -120 0   
  Sum 3946 4184 1650 -4050 0 -1290 -3430 0 0 -6440 0 0 5430 
 SS = Steady state 

GW = groundwater 
SB = South boundary 

 
 

3) Average steady state head values for each zone were estimated by visual 
inspection of the steady state head distribution file generated by the Shafike 
model. The steady state average heads adopted for each zone are shown in 
Table 9. With the head values, head differences between all zones were 
calculated. The unit flow between zones was calculated by dividing flows 
between zones by the head difference between the same zones. The unit 
head flow for zones 11 to 12 could not be set this way because there is no 
assumed steady state gradient. This value was set at 1 acre foot per month 
by analogy to the flow from 8 to 9. The resulting unit head flow matrix for 
the 12-zone Socorro basin model is listed in Section III.I: Calibration 
Parameters for URGIA Runs. 
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Table 9.—Adopted Steady State Zonal Heads for the Socorro Basin Spatially 
Aggregated Model 

Zone 1 2 3 4 5 6 7 8 9 10 11 12 EB 
Adopted 
Steady 
State 

Head [ft] 

4580 4500 4460 4640 4590 4600 4560 4510 4520 4850 4440 4440 4430 

EB is the steady state reservoir stage assumed for Elephant Butte. 
 

Socorro Groundwater Basin Source and Boundary Flux Definition and 
Calibration 
Steady state source terms to and from each of the zones were also estimated. The 
steady state run evaluated by Shafike (2005) does not include crop irrigation or 
associated conveyance canal and crop seepage recharge terms, nor does it include 
well pumping. The steady state run does include flow from the groundwater 
system into a low-elevation conveyance channel called the Low Flow 
Conveyance Channel (LFCC), which serves as a drain for the system. To estimate 
steady state flows between the 12 groundwater zones, steady state basin fluxes 
reported by Shafike (2005) were distributed to each of the zones. 
 
Mountain front recharge was assigned to zones 4, 6, 7, and 10 with locations 
based on estimated mountain front spatial distributions in the area from Roybal 
(1991 cited in Shafike, 2005), summing to the 15,210 acre-feet per year used by 
Shafike (2005). Values are shown in Table 10. Shafike (2005, Figure 14) reports 
the results of Rio Grande seepage runs, suggesting weighted average river leakage 
ranging from 224.5 cfs to 500 cfs between San Acacia and Fort Craig, with 
61 percent to 71 percent of the leakage occurring between San Acacia and the 
north boundary of Bosque del Apache, 27 percent to 37 percent occurring 
between the north boundary of Bosque del Apache and San Marcial, and 2 percent 
between San Marcial and Fort Craig. For the approximately 6 miles from Fort 
Craig to Elephant Butte, river leakage was assumed to be the same as from San 
Marcial to Fort Craig: 1 to 2 cfs/mile. Using these distributions, the total steady 
state estimated river leakage of 205,020 acre-feet per year (~280 cfs) used 
by Shafike was partitioned into groundwater zones 1-3 as shown in Table 10. 
 
Groundwater leaves the Socorro basin groundwater system by draining to the 
LFCC6 (drain flow), through riparian ET, and via subflow out the southern 
boundary of the model. Visual inspection of published results by Shafike (2005, 
Figure 15) suggests that about 75 percent of steady state groundwater flows to the 
LFCC occur north of Bosque del Apache, and essentially 100 percent occur north 
of San Marcial. Thus, at steady state, there are no groundwater flows to the LFCC 

                                                
6 Because the bed elevation of the LFCC is below the river, the earthen LFCC captures water that 
seeps from the river into the shallow groundwater system. 
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Table 10.—Steady State Fluxes Adopted for 12-Zone Socorro Basin Model. The 
net groundwater flow of -5,410 acre-feet per year represents groundwater flow out 
the southern boundary of the model, as calculated by Shafike (2005). Shafike 
totals listed are from Table 2 of the 2005 report. 

GW Zone 

GW Gain (acre-feet per year) 
GW Loss 

 (acre-feet per year) 
Implied 

Subsurface 
Flows 

 (acre-feet per 
year) Mtn Front River Leak LFCC ET 

1 0 135,500 117,100 22,350 3,950 
2 0 61,000 35,000 30,200 4,200 
3 0 8,600 0 10,250 1,650 
4 4,050 0 0 0 -4,050 
5 0 0 0 0 0 
6 1,290 0 0 0 -1,290 
7 3,430 0 0 0 -3,430 
8 0 0 0 0 0 
9 0 0 0 0 0 
10 6,440 0 0 0 -6,440 
11 0 0 0 0 0 
12 0 0 0 0 0 

Total 15,210 205,100 152,100 62,800 -5,410 
Shafike SS 

Totals 15,210 205,020 152,140 63,030 -5,430 

 
 
south of San Marcial. Shafike reports total steady state groundwater flow to the 
LFCC of 152,140 acre-feet per year. In the spatially aggregated model, 75 percent 
of this amount is lost from shallow aquifer zone 1, and the remainder from 
shallow aquifer zone 2. Values are shown in Table 10. As all other steady state 
flux terms associated with the shallow aquifer zones were identified, riparian ET 
was solved for using mass balance. For example, in the shallow aquifer zone from 
San Acacia to Bosque del Apache (zone 1), river leakage adds 135,500 acre-feet 
per year to the groundwater system, LFCC losses remove 117,100, and net flows 
from adjacent aquifer zones add 3,950, leaving 135,500 + 3,950 – 117,100 = 
22,350 acre-feet per year available for removal by ET. Values are summarized in 
Table 10. 
 
The groundwater model was coupled to the surface water model for the 1975 
through 1999 calibration period in stages. Fluxes across the southern boundary 
from zones 3 and 11 were modeled as head-dependent on Elephant Butte 
Reservoir, and fluxes across the southern boundary from zone 10 were modeled 
as constant flux. Fluxes across the southern boundary from zone 12 were assumed 
negligible.  
 
Initially, river leakage was held constant and LFCC capture and riparian ET 
implemented as a function of relevant aquifer and surface characteristics as 
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described in Roach and Tidwell (2009). A Manning’s roughness coefficient of 
0.028 was assumed for the LFCC, consistent with the Albuquerque basin assumed 
value. A width of 28 feet and a slope of 0.00097 were assumed for the LFCC 
based on data from a Reclamation report on LFCC operations (Reclamation 
2002). Reference ET (1975 through1999) from the surface water model modified 
for use with depth to groundwater as an additional constraint (see section III) was 
used to drive atmospheric ET demand. LFCC fluxes were calibrated to steady 
state by manipulation of bed elevation values. 
 
ET fluxes were calibrated to steady state by manipulation of average surface 
elevation of the shallow aquifer zones. Once the LFCC and riparian ET 
parameters were set, river leakage was implemented as described in Roach & 
Tidwell (2009). Initially, all 1975–1999 flows at San Acacia (floodway and 
conveyance) were set as flows in the river channel. The river bed conductivity and 
thickness values were set to 0.5 feet/day and 5 feet respectively, consistent with 
values used in the Albuquerque basin. A Manning’s roughness of 0.028 was 
assumed for the river. River bed slopes were estimated based on relevant gage 
elevations (Table 3) and reach lengths (see Table 12 in Section II.B.1.a. River 
Reach Inflows and Outflows). River bed elevation values were manipulated to 
bring average 1975–1999 river leakage close to steady state estimated values 
(Table 10).  
 
Finally, historic diversions into the LFCC and agricultural conveyance system 
were restored, and canal leakage (non-LFCC), crop seepage, well pumping, and 
historic Elephant Butte Reservoir stage incorporated into the surface water 
groundwater interaction. Well pumping is calculated based on simple estimates 
of the small municipal and industrial demand in the area, and estimates of 
supplemental water needs when agricultural demand exceeds available water in 
the irrigation conveyance system. Well pumping values assumed for the Socorro 
Basin spatially aggregated model are shown in Figure 13. Seventy-five percent of 
the extraction is assumed to occur from the shallow aquifer between San Acacia 
and the northern boundary of Bosque del Apache (groundwater zone 1), and the 
remaining 25 percent from the underlying regional aquifer (groundwater zone 5). 
Septic recharge is a minor term, but for consistency with the Albuquerque basin 
groundwater model is included. Septic recharge is assumed to be 50 percent of 
indoor water use in the basin, and is added in equal amounts to zones one, four, 
and five. It is indeed minor (e.g., just 40 acre-feet per month in 19900.  
 
Canal bed conductivities were set to 0.2 feet per day, consistent with values 
reported in the Upper Rio Grande Water Operation Model’s (URGWOM) 
physical model documentation for canal bed conductivities below San Acacia 
(USACE et al. 2002). Canal bed thickness values were set to 2 feet (based on 
values used in the Albuquerque basin), and canal bed elevations were set 2 feet 
above the river channel elevation. Irrigation canals are only included in the model 
between San Acacia and Bosque del Apache. Steady state parameters were 
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Figure 13.—Well pumping assumed for Socorro Basin 1975 through 1999, based 
on estimates of municipal and industrial use and supplemental irrigation demand. 
 
 
adjusted as necessary to achieve the 1975 through 1999 mass balance between the 
San Acacia and San Marcial gages, and between San Marcial gages and Elephant 
Butte Reservoir, as estimated by Elephant Butte Reservoir behavior.  
 
The major adjustments associated with calibration of the coupled model were an 
increase in riparian acreage in the San Acacia to San Marcial reach, an adjustment 
of the shallow aquifer effective surface elevation (controlling depth to 
groundwater and thus riparian ET) between San Marcial and Elephant Butte 
Reservoir, and a limit to the leakage of the LFCC. The LFCC was modeled as a 
drain according to the Dupuit-Forchheimer approach used in the Albuquerque 
groundwater basin. However, unlike drains in the Albuquerque basin, the LFCC 
can carry thousands of cubic feet per second. When the LFCC is carrying 
thousands of cubic feet per second, the stage of the water in the LFCC may be 
greater than that of the surrounding aquifer, leading to leakage to the aquifer. The 
adopted approach seems to do a reasonable job of predicting this leakage as long 
as the stage in the canal does not get too much larger than the aquifer head, but 
when this occurs, Dupuit-Forchheimer approach results in excessively large flows 
from the canal back to the groundwater. This may be a problem inherent to the 
approach. The problem has been addressed by limiting the amount of water that 
can move from the LFCC back to the aquifer to 300 cfs in each groundwater zone. 
Section III.I: Calibration Parameters for URGIA Runs summarizes calibrated 
parameters used to model interactions between the aquifer and the LFCC, river, 
irrigation canals, and riparian vegetation. 

Socorro Groundwater Basin Results 
As explained above, the spatially aggregated Socorro Basin groundwater model 
was developed from a spatially explicit but steady state groundwater model 
developed by Nabil Shafike (2005) and run in a transient mode. Figure 14 shows  
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Figure 14.—Modeled groundwater heads in Socorro Basin by groundwater 
zone from 1975 through1999. The flat trend justifies the steady state 
assumptions used to develop the groundwater model parameters. 

 
 
the groundwater heads in the 12 aquifer zones from 1975 through1999. There is 
no trend in any of the zones, suggesting that despite temporal fluctuations in 
stream aquifer exchanges due to temporally varying surface water conditions, the 
groundwater system is in a quasi-steady state. Zones 1 through 3 are the shallow 
aquifer zones and show noise about a steady average. 
 
LFCC gains from the groundwater system modeled with the coupled model as 
compared to the URGWOM as it existed in 2005, and steady state values from the 
Shafike (2005) model are shown in Figure 15. The LFCC was used significantly 
until around 1986 (Shafike 2005), and the groundwater gains to the canal are 
clearly greater after that time in both transient models. The cumulative 25-year 
groundwater flow to the LFCC modeled by the coupled model falls between the 
URGWOM prediction and the steady state prediction, as seen in Figure 75 in 
Section III.J. Additional Groundwater Data and Results. 
 

Figure 15.—Flows from the groundwater system to the LFCC for Rio Grande 
reaches from San Acacia to Elephant Butte Reservoir as modeled by the coupled 
monthly timestep model, the URGWOM surface water model, and steady state 
values reported by Shafike (2005). 
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River leakage values from the different models are shown in Figure 16. The 
coupled values and URGWOM values agree well from 1985 on, but not before 
1985. The URGWOM results shown here are from an obsolete model version 
developed around 2005 and are no longer relevant. From a cumulative river 
leakage perspective, the 25-year total river leakage predicted by the coupled 
model is similar to the steady state cumulative. The cumulative river leakage 
values are shown in Figure 76 in Section III.J. Additional Groundwater Data and 
Results. 
 

Figure 16.—Rio Grande river leakage San Acacia to Elephant Butte Reservoir as 
modeled by the coupled monthly timestep model, the URGWOM surface water 
model, and steady state values reported by Shafike (2005). 
 
 
Riparian ET values predicted by the different models are shown in Figure 17, and 
cumulatively in Figure 77 in Section III.J. Additional Groundwater Data and 
Results. The large losses observed between San Acacia and San Marcial may be a 
result of gage errors, particularly between 1985 and 1988. However, analysis of 
systematic gage error is beyond the scope of URGSiM development, and so gage 
error is assumed to be normally distributed about zero and other methods are used 
to obtain mass balance at each gage from 1975 through 1999. In the case of the 
San Acacia to San Marcial reach, calibration of the coupled model was achieved 
by increasing riparian vegetation area in the reach by 33 percent. As a result of 
this calibration, the coupled values shown in Figure 17 are significantly higher 
than the URGWOM values. The surface water balance between San Acacia and 
San Marcial appears to be closed in URGWOM with large crop seepage rates as 
seen in Figure 18. In the coupled model, large seepage rates end up back in the 
drain system (i.e., the LFCC), and so cannot be used to close the surface mass 
balance. Since 2006 when these comparisons were made, URGWOM has changed 
significantly and been reworked to include a dynamic shallow groundwater 
component. As a result of this rework and several more years of observed 
behavior, the model dynamics and comparison of models between San Acacia 
and Elephant Butte Reservoir is due to be revisited. 
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Figure 17.—Riparian ET between San Acacia and Elephant Butte Reservoir as modeled by 
the coupled monthly timestep model, the URGWOM surface water model, and steady state 
values reported by Shafike (2005). 

 

 
Figure 18.—Crop seepage between San Acacia and Elephant Butte Reservoir as modeled 
by the coupled monthly timestep model and the URGWOM surface water model. 

 
 
The last head-dependent flux of consideration for the historic period in the 
Socorro Basin groundwater system is canal leakage, which is modeled from 
San Acacia to San Marcial in the coupled model. It is not modeled explicitly in 
older versions of URGWOM and is not included in the steady state mass balance 
done by Shafike (2005). This is a relatively small flux in the coupled model, 
averaging a fairly steady 8 cfs. 
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The spatially aggregated and coupled surface water/groundwater model of 
Socorro Basin is able to capture many of the temporal signals of the surface water 
system modeled by URGWOM as seen in Figure 15 and Figure 16, while 
maintaining a quasi-steady state groundwater mass balance as shown in Figure 14 
and predicted by Shafike (2005). The combination of the surface and groundwater 
mass balance constraints suggest that either gage error led to significant 
overestimates of reach losses between 1985 and 1988 or the ET losses in that 
reach are larger than suggested by either URGWOM or Shafike’s (2005) steady 
state analysis. These conclusions support the value of basin scale multi-decadal 
analysis of coupled surface water groundwater systems as represented in 
URGSiM. 

II.B.  Surface Water Mass Balance 

The Upper Rio Grande river system is fed primarily by snowmelt from the 
San Juan and Sangre de Cristo mountains, which define the northwestern and 
eastern boundaries of the basin respectively. Water moves into the river system 
via surface water inflows and return flows, groundwater seepage, and direct 
precipitation onto open water. Water is also diverted from the San Juan River 
system, through tunnels under the continental divide and into the Rio Chama 
system. This inter-basin water, moved from the Colorado Basin to the Rio Grande 
Basin, is known as San Juan Chama Project water. Water is lost from the river 
system by surface water diversions, leakage to the groundwater system, and open 
water evaporation to the atmosphere. Riparian evapotranspiration (ET) removes 
water from a shallow groundwater system, which is in relatively rapid exchange 
with the river. Water diverted for agricultural irrigation use can be lost to the 
groundwater system through conveyance system leakage (e.g., ditches and canals) 
and crop seepage, and to the atmosphere via crop ET and open water evaporation. 
In some reaches, groundwater discharges to the surface water system by seepage 
into agricultural drains. 
 
With respect to water balance, land use, and groundwater use, the river system 
within the model extent is significantly different above Cochiti Reservoir than it is 
below. In general, the reaches upstream of Cochiti Reservoir have less available 
bottom lands for irrigated agriculture and tend to gain surface water from 
groundwater and tributary inflows faster than surface water is lost to the 
atmosphere. Downstream of Cochiti Reservoir on the other hand, the river valley 
opens up—allowing more opportunity for irrigated agriculture and a net loss of 
surface water through the reaches. Figure 19 shows the observed accumulation of 
water upstream of Cochiti Reservoir and the net loss of water downstream from 
1975 through 1999.  
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Figure 19.—Average river and agricultural conveyance flows through the Rio 
Grande system from 1975 through1999. In general, river gains above Cochiti 
and loses below. Otowi to below Cochiti reach appears to lose because of 
Cochiti Reservoir losses. 

 
 
Most of the land that is practicably irrigable by surface water diversion and 
gravity application within the model extent lies below Cochiti Reservoir. As a 
result, significant amounts of water move through agricultural conveyance 
systems (i.e., canals, ditches, and drains) between Cochiti and Elephant Butte 
reservoirs, as shown in Table 11. 
 
 
Table 11.—Percent of Total Flow Past Points South of Cochiti Reservoir that is 
in Agricultural Conveyance System 

Location 
Irrigation Season % Flows in 
Conveyance System 1975-99 

August - October % Flows in 
Conveyance System 1975-99 

Cochiti Pueblo 9% 19% 
San Felipe 3% 6% 
Albuquerque 12% 27% 
Bernardo 13% 32% 
San Acacia 22% 26% 
San Marcial 19% 34% 
Average 13% 23% 
Irrigation season is March through October. Flows in the conveyance system are a largest percent of total 
in the late summer and fall as river flows drop, but agricultural demand remains high. Data are from USGS 
gages listed in Table 2-2, as well as combined conveyance flow data from URGWOM model data (USACE 
et al. 2002). 

Average Rio Grande river and agricultural conveyance flows 
1975 -1999 as a function of distance downstream.
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II.B.1.  River Reach Mass Balance 

River Reach Inflows and Outflows 
Employing mass balance, the amount of water that flows out of a given river 
reach can be expressed mathematically as a function of inflows, outflows, and 
change in storage within the reach. At a monthly timestep, the change in storage 
in a river reach is assumed to be negligible with respect to the other flows through 
the reach, and precipitation gains to open water are also assumed to be negligible. 
The governing equation for a generic reach (j) is shown in Equation 3. 
 

 (3) 

 
Where: 
 

 represents mainstem flow out of the bottom of reach j, which is the 
location of the gage representing the lower end of the reach.  
 

 represents mainstem flow into reach j, from the reach above or a gage on 
the model boundary. If reach i is immediately above reach j, the flow out of reach 
i is the same as the flow into reach j: .  
 

 represents the net sum of all interactions between the river and groundwater 
system in the reach, and is positive for a groundwater gaining reach, and negative 
for a groundwater losing reach. 
 

 represents open water evaporative losses. 
 

 represents the net sum of all surface water inflows into and diversions out of 
the reach, as shown in Equation 4 below.  
 

 (4) 

 
The surface water inflows, diversions, and returns, may be gaged or ungaged. The 
terms  represent gaged and ungaged surface 
water inflows (tributaries) and surface water diversions and returns respectively.  
 
The general strategy used to solve reach based mass balance (Equation 3) during 
the calibration period is to set the mainstem inflow term ( ) using historic 
gage data.  
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Open water evaporation losses ( ) are estimated using reach area 
(section II.B.1.b. Reach Open Water Area).  
 
Reference ET calculated with the Hargreaves equation (Hargreaves and Samani, 
1985) using historic temperature data and locally developed coefficients for 
relating reference ET to open water evaporation (see Section III: 
Evapotranspiration Calculations in URGSIM).  
 
The groundwater exchange ( ) is from a coupled, dynamic groundwater 
model, or a static exchange based on historic winter gage data, depending on data 
available for a given reach as described in section II.A.  
 
The surface water term ( ) is found using Equation 4, whose terms are set to 
historic gage values where available, and modeled otherwise.  
 
Crop ET losses for all reaches ( ) are modeled with the Hargreaves-based 
reference ET (see Section III: Evapotranspiration Calculations in URGSIM).  
 
In reaches where the river system and conveyance system are coupled to a 
groundwater model, calibration involves a combination of ungaged surface 
inflows and/or parameter adjustments associated with the surface water 
groundwater connection, to best match historic gage data.  
 
During validation and scenario evaluation: 

• Main stem flows into the reach ( ) are set to gage data for reaches 
beginning on the model boundary, and to outflows from the reach above 
otherwise. 

• Surface water diversions ( ) are modeled based on agricultural 
demand and historic diversion patterns.  

All other terms in Equations 3 and 4 are calculated as in the calibration period. In 
most reaches, the ungaged surface water inflow term ( ) is used as a 
closure and calibration term.  
 
Table 12 summarizes important information associated with the modeled reaches, 
including degree of groundwater coupling. The carriage water factor is a 
calibration term for the agricultural conveyance system that limits how much of 
the water in the conveyance system is unavailable for depletion.  
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Table 12.—Reach Summary Table 

Reach 
Length 
(miles) 

Gaged  
Tributaries 

Irrigated 
Ag 

Acreage 
Modeled 
(acres) 

Carriage 
Water 
Factor 

(%) 

Riparian 
Acreage 
Modeled 
(acres) 

Modeled Ag 
Conveyance 

System 

Coupled 
GW 

Model 

Chama: Willow Creek to 
Heron 12 

Azotea 
Tunnel 

(San Juan 
Chama) 

0  0  None 

Chama: Heron to El Vado 6 Rio Chama 0  1  None 
Chama: El Vado to 
Abiquiu 29  300  20  Static 

Chama: Abiquiu to 
Chamita 29 Ojo 

Caliente 4,540  80  Static 

Lobatos to Cerro 26 Costilla 
Creek 0  300  Static 

Cerro to Taos Junction 
Bridge 35 

Red River 
Rio Pueblo 

de Taos 
0  0  Static 

Taos Junction Bridge to 
Embudo 15 Rio 

Embudo 190  100  Static 

Embudo to Otowi 29  4,670  165  Dynamic 
Otowi to Cochiti 27  0  1  Dynamic 

Cochiti to San Felipe 15 Galisteo 
Creek 4,520 0.85 4,055 X Dynamic 

Jemez: Jemez Pueblo to 
Reservoir 30  5,370 0.2 3,985 X Dynamic 

San Felipe to 
Albuquerque 33 North Flood 

Channel 12,680 0.65 6,747 X Dynamic 

Albuquerque to Bernardo 53 South Flood 
Channel 53,700 0.4 20,114 X Dynamic 

Bernardo to San Acacia 14 Rio Puerco 680 0.2 6,639 X Dynamic 
San Acacia to San 
Marcial 48  10,490 0.2 21,591 X Dynamic 

San Marcial to Elephant 
Butte 42  0  7,635 X Dynamic 

Elephant Butte to Caballo 18  0  0  None 
Irrigated agricultural acreage is an average of 1975 through 1999 values reported in URGWOM physical model documentation (USACE et 
al. 2002) and information from Rio Chama watermaster report 2002 (Wells 2002). Riparian acreage is calculated from remotely sensed data 
for reaches above Cochiti Reservoir and URGWOM values below, with the exception of Jemez, which uses values from a regional 
groundwater model of the Albuquerque Basin by McAda and Barroll (2002). 
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Reach Open Water Area 
The open water area associated with each reach of the river channel is a function 
of flow rate and channel cross-section geometry. Above Cochiti Reservoir, the 
relationship between stream width and flow associated with each gage is used as 
a proxy for the relationship in associated reaches. Channel geometry at gage 
locations is not likely representative of the entire reach above or below the gage, 
but additional data are not readily available, and surface evaporation from the 
upper reaches is conceptually a relatively small term, so this assumption is 
considered acceptable. 
 
The cross-sectional area at each gage as a function of flow rate is reported in the 
URGWOM Physical Model Documentation (USACE et al. 2002). Stage as a 
function of flow rate is a key relationship associated with surface water gages, and 
is available indirectly from field measurement data published online for each gage 
operated by the United States Geological Survey (USGS).7 With stage and cross-
sectional area available as a function of flow rate, a trapezoidal channel cross 
section was assumed, and a base width and bank slope selected to fit the 
relationships between flowrate, stage, and cross-sectional area observed at the 
gages. Table 13 summarizes cross-sectional relationships adopted for select gages 
above Cochiti Reservoir. 
 
 
Table 13.—Channel Geometry Relationships Adopted at Selected Gages, Used to 
Estimate Stage and Area as a Function of Flow Rate in Reaches above Cochiti 
Reservoir. Reaches between gages in this table used an average of both; other 
reaches used upper or lower gage data as available. 

Gage 
Stage (ft)) 

from Q (cfs) 

Cross 
Sectional Area 

(ft2) 
Fitted 
Base 
Width 

Parameter 
(ft)) 

Fitted 
Bank 
Slope 

Parameter 
(run/rise)  

(-) from Q (cfs) 
Rio Chama below El Vado 0.27*Q0.37 13*Q0.48 75 8 
Rio Chama above Abiquiu Reservoir 0.35*Q0.36 11.5*Q0.47 50 5 
Rio Chama below Abiquiu Dam 0.4*Q0.33 7*Q0.54 28 12 

Rio Grande near Cerro 0.2145*Q0.4742 4.2943*Q0.6976 56 6.5 
Rio Grande at Embudo 0.15*Q0.48 5.1771*Q0.593 61 3 
Rio Grande at Otowi 0.2*Q0.41 3.2959*Q0.6628 40 16 

 

                                                
     7 This is online at < http://nwis.waterdata.usgs.gov > (e.g., the web site for Rio Grande near Cerro gage is: 
<http://nwis.waterdata.usgs.gov/nm/nwis/measurements/?site_no=08263500&agency_cd=USGS>.) 
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A trapezoidal channel did not satisfactorily describe historic field measurements 
of stage and flow at either the Rio Grande gage below Taos Junction Bridge or the 
Chama gage near Chamita, and so these gages were not included. Chama reaches 
from below El Vado Reservoir and all Rio Grande reaches above Cochiti 
Reservoir were assumed to follow the cross-sectional relationships of the gages 
defining the beginning or end of the reach, or an average of both as available. For 
example, in the reach from Lobatos to Cerro, for an average monthly flow rate of 
100 cubic feet per second (cfs), the calculated river stage using the Cerro gage 
relationship would be 0.2145*100 0.4742 = 1.9 feet. The calculated width of 
the river would be 56 feet (base width parameter) plus 6.5 (bank slope 
parameter)*1.9 feet, or 68.35 feet. This width is then multiplied by the length of 
the reach (26 miles, see Table 12) to get a total open water area of 0.34 square 
miles for Lobatos to Cerro at 100 cfs flowrate. 
 
A trapezoidal channel did not satisfactorily describe historic field measurements of 
stage and flow at either the Rio Grande gage below Taos Junction Bridge or the 
Chama gage near Chamita, and so these gages were not included. Rio Chama 
reaches from below El Vado Reservoir and all Rio Grande reaches above Cochiti 
Reservoir were assumed to follow the cross-sectional relationships of the gages 
defining the beginning or end of the reach, or an average of both as available. For 
example, in the reach from Lobatos to Cerro, for an average monthly flow rate of 
100 cfs, the calculated river stage using the Cerro gage relationship would be 
0.2145*100 0.4742 = 1.9 feet. The calculated width of the river would be 56 feet 
(base width parameter) plus 6.5 (bank slope parameter)*1.9 feet, or 68.35 feet. This 
width is then multiplied by the length of the reach (26 miles, see Table 12) to get a 
total open water area of 0.34 square miles for Lobatos to Cerro at 100 cfs flowrate. 
 
Below Cochiti Reservoir, the open water area associated with each reach of the 
river is calculated using flow based relationships developed by the URGWOM 
technical team (USACE et al. 2002), shown in Table 14. 
 
 
Table 14.—Open Water Area of Reaches below Cochiti Reservoir as a Function of 
River Flow. Relationships from URGWOM (USACE et al. 2002) physical model 
documentation page 39. 

River Reach 
River Area (acres)as a Function 

of Flowrate (Q) in cfs 
Bank Full Area 

(acres) 
Cochiti to San Felipe 110.85Q0.1988 625 
San Felipe to Albuquerque 84.281Q0.4099 2718 
Albuquerque to Bernardo 123.87Q0.4375 5175 
Bernardo to San Acacia 12.828Q0.5291 1054 
San Acacia to San Marcial 158.29Q0.3197 2913 
San Marcial to Elephant Butte 60.722Q0.5293 166 
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II.B.2.  Agricultural Conveyance Mass Balance 
Below Cochiti Reservoir, the agricultural conveyance system is modeled as a 
parallel unit of mass balance to the river system. For these reaches, the diversion 
and return flow terms in Equation serve as inflows and outflows for the 
conveyance system. Assuming that direct evaporation losses from conveyance 
features is negligible, mass balance in the conveyance system south of Cochiti 
Reservoir is modeled using Equation 5. 
 

 (5) 

 
Equation 5 states that surface water can enter the conveyance system by diversion 
from the associated reach ( ), or by through flow from the conveyance 
system immediately upstream ( ). Water is lost from the conveyance system 

to the atmosphere by ET from crops ( ). Conveyance water moves to the 
groundwater system as seepage from crops and canals, or moves from the 
groundwater system back to the conveyance system as seepage into drains. The 
groundwater exchange terms are lumped into a single conveyance to groundwater 
term ( ) in Equation 5 that can be positive or negative, depending on the 
relative magnitude of the conveyance to groundwater system exchanges. Surface 
water flows out of the conveyance system to the river ( ) or to the 
downstream conveyance system ( ). 
 

The conveyance system is modeled using historic diversion ( ) and 

through flow ( , ) data, and solving for unknown return flows 

( ) after evaporative losses and groundwater exchanges are accounted for. 
Groundwater to conveyance system flows ( ) are modeled with a coupled 
groundwater model (Section 3.A.i: Modified Penman ET0 Problems), leaving 
return flows ( ) as the only unknown to be solved for using Equation 5.  
 
Water available to return ( ) or to flow into the next conveyance reach 

( , ) is partitioned based on reach-specific historic proportions 
developed for the calibration period and used for all other modeling periods. 

II.B.3.  Reservoir Mass Balance 
Seven reservoirs are included in the model. Table 15 summarizes basic 
information associated with the reservoirs. Reservoir mass balance is calculated 
according to Equation 6. 
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 (6) 
 

The change in storage for a given timestep at reservoir r ( ) is the sum of 
inflows minus outflows.  
 
Inflows include: 

• Gaged and ungaged surface water inflows ( ) to the reservoir 
• Gains from precipitation that falls directly on the reservoir surface 

( ).  
 

Outflows may include: 
 

• Groundwater leakage from the reservoir ( ) 

• Evaporation from the reservoir ( ) 

• All releases (including spills) ( ) from the reservoir.  
 
 

Table 15.—Modeled Reservoirs Summary Information 

Reservoir 
Year 

Completed 
Capacity 

(acre-feet) 

Dam 
Crest 

Elevation 
(feet 
amsl) Primary Functions 

Heron 1971 401,300 7,199 Storage for San Juan-Chama 
Project water. 

El Vado 1935 195,440 6,914.5 
Storage for native and San 
Juan-Chama Project water for 
irrigation. 

Abiquiu 1963 1,198,500 6,381 
Flood control and storage for 
San Juan-Chama Project 
water. 

Cochiti 1973 589,200 5,479 Flood control. 

Platoro 1951 60,000 9.911 Flood control and storage for 
irrigation.  

Jemez 1953 262,500 5,271.6 Flood and sediment control. 

Elephant 
Butte 1916 2,023,400 4,407 Storage for irrigation. 

Caballo 1938 326,700 4,190 Storage for irrigation. 

Total  4,991,100   
Numbers from URGWOM (USACE 2002). 
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In general, as will be discussed in more detail in the following sections, reservoirs 
were calibrated with historic gaged surface water inflows and releases, as well as 
calculated precipitation, evaporation, and groundwater leakage. Reservoir releases 
were set to historic for the calibration period and modeled with operation rules for 
the validation and scenario evaluation periods. The following sections describe 
each of the terms in Equation 6 in more detail.  

Reservoir Area 
URGSiM is a mass balance based model and thus tracks the volume of water in 
each reservoir to start each timestep. Reservoir areas are calculated based on 
storage volume in the reservoir using Elevation-Area-Capacity relationships 
specific to each reservoir. Ice cover on a given reservoir is a historically measured 
value, taken from the daily URGWOM data set and averaged to monthly. For 
scenario evaluation runs, the ice cover is calculated using a simple regression 
relationship to average air temperature during the previous month. 

Reservoir Evaporation 
Reservoir precipitation gains for all reservoirs are calculated as the evaporation 
rate at a given reservoir in a given timestep multiplied by the reservoir area to 
start that timestep. For the 1975 through 1999 period, pan evaporation was 
measured for April through October for the five reservoirs north of Albuquerque 
where evaporation pans freeze, and during all months for Elephant Butte and 
Caballo reservoirs. For the five upper reservoirs, where pan evaporation cannot be 
consistently measured from November through March, winter evaporation rate is 
estimated by Equation 7. 
 

 
(7) 

 
Where: 
 

 = evaporation rate from reservoir r during month m [L/T] 
 = average daily maximum temperature for r during m [degree] 

 = average daily minimum temperature for r during m [degree] 
 = coefficient of proportionality for r during m [L/(degree*T)] 

 
 values are constant for a given reservoir in a given month, and are shown for 

reservoirs above Elephant Butte Reservoir in Table 16.  
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Table 16.—Winter Reservoir Coefficient of Proportionality ( ) for the 
Five Upper Reservoirs 

Reservoir 

(ft/°F/month) 

Month 

Nov Dec Jan Feb Mar 

Heron, El Vado, and Abiquiu 0.0035 0.0026 0.0031 0.0037 0.006 

Cochiti and Jemez 0.0047 0.0032 0.0038 0.0046 0.0074 

 
 
For the five upper reservoirs from April through October, and Elephant Butte and 
Caballo reservoirs during all months, evaporation rate is estimated with  
Equation 8 . 
 

 (8) 

 
Where: 

 
 = evaporation rate from reservoir r during month m [L/T] 
 = pan evaporation measured at reservoir r during m [L/T] 

 
Temperature and edge effects result in pan evaporation rates that are typically 
greater than actual open water evaporation rates. To correct for this effect, actual 
open water evaporation rate is estimated by multiplying measured pan evaporation 
by a pan coefficient less than unity. URGWOM uses a pan coefficient of 0.7 for all 
reservoirs. The methodology represented by Equations 7 and 8 for a monthly 
timestep is the same as used by URGWOM at a daily timestep (USACE et al. 2002). 

Reservoir Precipitation 
Reservoir precipitation gains for all reservoirs are calculated as the measured 
precipitation depth at a given reservoir in a given timestep multiplied by the 
reservoir area to start that timestep. The precipitation gains go directly into 
storage in the given reservoir as shown in Equation 9. 
 

 (9) 

 
Where: 
 

 = precipitation gains to reservoir r as defined in equation 4 [L3/T] 
 = precipitation rate measured at reservoir r during month m [L/T] 
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 = the area of reservoir r during month m [L2] 
 = percent of reservoir r covered by ice during month m [%] 

Reservoir Groundwater Leakage 
Groundwater flow into Elephant Butte Reservoir is modeled from the Socorro 
Basin groundwater system as described in Section II.A: URGSiM Groundwater 
Mass Balance. Reservoir leakage is modeled for Heron, Cochiti, and Jemez 
reservoirs. Leakage from Heron Reservoir is modeled according to URGWOM 
(USACE et al. 2002) methodology (Equation 10). 
  

 
(10) 

 
Where: 
 

 = groundwater leakage out of Heron Reservoir [L3/T]. 
 = the greater of 7,100 feet or the stage of Heron Reservoir in feet for 

month m [L]. 
 
Reservoir leakage from Cochiti and Jemez reservoirs are calculated as a function 
of reservoir stage and underlying aquifer head as described in Roach and Tidwell 
(2009). 

Reservoir Inflows 
Inflows to Heron Reservoir from the San Juan-Chama Diversion Tunnel are 
modeled for all time periods (see Section III.H.1. San Juan-Chama Diversions to 
Azotea Tunnel Outlet). Inflows to El Vado from Heron and Abiquiu reservoirs 
from the Rio Chama are set to appropriate gage data for the calibration period and 
modeled for validation and scenario runs. Inflows to reservoirs are modeled: 
 

• El Vado Reservoir from the Rio Chama 
 

• Cochiti Reservoir from the Rio Grande 
 

• Jemez Reservoir from the Jemez River 
 

Inflows to Elephant Butte and Caballo reservoirs from the Rio Grande are 
modeled based on reach behavior between the nearest upstream gage and the 
reservoir. If the nearest upstream gage is a calibration gage (Table 3), it is set to 
observed values for the historic calibration period, and modeled values for 
validation and scenario evaluation. Input gages (Table 2) are set to observed 
values for all periods, and specified for scenarios as a reshuffle of historic data or  
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in some other manner. Reservoir inflows from modeled but ungaged reaches are 
calculated within the model for all periods. Ungaged inflows were added to Heron 
and Abiquiu reservoirs for calibration purposes. 

In addition to modeled or gaged reservoir inflows, an error inflow (positive or 
negative at each timestep but net zero over time after calibration) is added to the 
reservoirs at each calibration timestep to force the modeled storage to observed 
storage. This error term is added to the reservoir to avoid compounding errors and 
maintain reservoir storage at historic observed levels during the calibration 
period. 

Reservoir Releases 
Reservoir releases for the 1975 through 999 calibration period are set to observed 
historic releases. Reservoir releases for the validation and scenario evaluation 
periods are modeled using reservoir operation rules. The seven major reservoirs 
within the model extent are operated according to a complex set of legal and 
physical constraints with a broad range of objectives, including: 
 

• Interstate compact delivery requirements 
• Downstream flood control 
• Storage for agricultural and municipal demand 
• Electric generation 
• Minimum stream flow 

 
The full extent of operational requirements is represented in URGWOM. 
Predicted behavior of reservoirs under specific hydrologic scenarios by 
URGWOM was used to develop a simplified set of rules for operations. The 
reservoir operations rules that determine releases in the validation and scenario 
evaluation periods are described in Section III.F. Reservoir Operations in 
URGSiM. 

III.  Evapotranspiration Calculations in 
URGSiM 

In 2011, URGSiM switched from a modified Penman based Reference 
Evapotranspiration (ETo) equation with an associated growing degree day based 
crop coefficient method and 20 vegetation types, to a Hargreaves-based ETo 
equation, Food and Agriculture Organization of the United Nations Irrigation and 
Drainage Paper 56 ( FAO-56) based crop coefficients (Allen et al. 1998), and 
5 vegetation types. These changes were made for a variety of reasons including: 
unreliable results from the previous methods, sparse and unreliable historic  
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weather data, and unnecessary complexity in previous vegetation classifications. 
This section summarizes the rationale for these changes and the implications in 
terms of simulated ET in the Upper Rio Grande between 1975 and 1999. 

III.A.  Reference Evapotranspiration (ET) Equations 

URGSiM (Roach 2007 and Roach and Tidwell 2009) calculates a monthly mass 
balance in reaches of the Upper Rio Grande in New Mexico from 1975 through 
1999 in calibration mode, 2000 through 2009 in validation mode, and 2010 
forward in scenario analysis mode. ET is one of the major terms in this mass 
balance and is calculated as the smaller of potential ET and available water. For a 
given month, reach, and vegetation type, this can be expressed mathematically as 
shown in Equation 11 below.  
 

𝐸𝑇𝑎
𝑟,𝑚,𝑣 = min (𝐸𝑇𝑝

𝑟,𝑚,𝑣 ,𝐻2𝑂𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
𝑟,𝑚,𝑣 ) (11) 

 
Where: 
 
 𝐸𝑇𝑎

𝑟,𝑚,𝑣  [L3/T] = actual ET 
 𝐸𝑇𝑝

𝑟,𝑚,𝑣  [L3/T] = potential ET 
 𝐻2𝑂𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒

𝑟,𝑚,𝑣  [L3/T] = water available for ET in reach r during month m for 
vegetation type v.  
 
Vegetation types include irrigated crops, riparian vegetation, or open water as 
discussed further in Section III.B. Crop Coefficients. In URGSiM, water 
availability is determined for: 
 

• Irrigated crops as a fraction of monthly rainfall (effective precipitation) 
plus irrigation deliveries to the field 

• Riparian vegetation by the depth to groundwater 

• Open water by river flow or reservoir volume 

Potential ET is calculated as Reference ET (ETo) multiplied by a crop coefficient 
and an area expressed mathematically in Equation 12 below. 

 
𝐸𝑇𝑝

𝑟,𝑚,𝑣 = 𝐸𝑇𝑜
𝑟,𝑚 ∗ 𝐾𝑐

𝑟,𝑚,𝑣 ∗ 𝐴𝑟,𝑚,𝑣 (12) 
 

Where: 
 
 𝐸𝑇𝑜

𝑟,𝑚  [L/T], the reference ET, is the potential ET of a reference crop, either 
grass or Alfalfa in reach r during month m 
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 𝐾𝑐
𝑟,𝑚,𝑣  [-] is a crop coefficient that relates the potential ET of crop v to the 

reference crop 
 
 𝐴𝑟,𝑚,𝑣 [L2] is the area of vegetation v in reach r during month m.  
 
Estimation of vegetative area (𝐴𝑟,𝑚,𝑣), although potentially uncertain, is 
straightforward. Estimation of 𝐸𝑇𝑜

𝑟,𝑚  and 𝐾𝑐
𝑟,𝑚,𝑣 ,on the other hand, are uncertain 

and also ambiguous. There are a variety of equations and methods available in the 
literature for calculating ETo, crop coefficients, or the product of the two. These 
range from highly localized pan evaporation observations to temperature and 
radiation based equations (e.g., Hargreaves 1985) to more general data intensive 
semi-empirical equations (e.g. Penman-Monteith as described in Allen et al. 
(1998). 

III.A.1.  Modified Penman ETo Problems 
Prior to 2011, following Reclamation’s ET Toolbox (Brower 2008), URGSiM 
used a version of the Penman equation modified by Dr. Ted Sammis (Sammis 
et al. 1985) to estimate ETo and an associated growing degree day based crop 
coefficient estimation (Sammis et al. 1985). In 2011, the ET Toolbox abandoned 
the Sammis-modified Penman method for calculating ETo because of erroneously 
high results. ETo for year 2007 Angostura weather station data (Reclamation 
2012) was calculated with a variety of equations by Keller-Bliesner Engineering 
using software developed by Dr. Rick Allen called Ref-ET. According to this 
analysis, the annual cumulative ETo calculated by the modified Penman equation 
was approximately 80 inches, some 20 inches or 33 percent greater than the 
approximately 60 inches calculated by the widely accepted FAO-56 (Allen et al. 
1998) or American Society of Civil Engineers (ASCE) Standard (Task Committee 
on Standardization of Reference Evapotranspiration 2005) methods. Angostura in 
2007 was the gage and period of time singled out for intensive comparison of 
various equations for calculating ETo. Though the Angostura results are not 
applicable quantitatively to all weather stations and all years they follow a 
qualitative pattern of significant overestimate of ETo by the modified Penman 
equation.  

III.A.2.  Choosing a New ETo Calculation 
The results described above led to the abandonment of the legacy modified 
Penman equation as the default method of ETo calculation by URGSiM, 
URGWOM, and the ET Toolbox. In choosing a new method for URGSiM, the 
availability and quality of historic data became of concern. Generally, two forms 
of the Penman-Monteith equation (FAO-56 [Allen, et al. 1998], and the ASC 
Standard method [Task Committee on Standardization of Reference 
Evapotranspiration 2005]) are the current state of the art for calculating ETo 
where sufficient high quality data exists. 
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Figure 20.—Cumulative Reference ET (ETo) calculated at Angostura weather 
station during the year 2007 by a variety of ETo equations. The modified Penman 
used previously by the ET Toolbox is erroneously high compared to all other 
methods. The other high outlier, the FAO-24 Penman has been superseded by the 
FAO-56 Penman-Monteith method. The FAO-56 and ASCE Standard methods are 
coincident for this data. The Hargreaves 1985 method requires temperature data 
only. 
 
 
Penman-Monteith based equations such as these are weather data intensive; 
however, requiring solar radiation, wind speed, temperature, and relative humidity 
data. If these data are not available, or of questionable quality, then less data 
intensive temperature based methods such as the Hargreaves 1985 (Hargreaves and 
Samani 1985) may be more appropriate. In the Rio Grande Valley in New Mexico 
upstream of Caballo Reservoir (the area in which URGSiM requires ETo), from 
1975 through 1999 (the calibration period for URGSiM), full weather data 
including solar radiation, wind speed, and relative humidity measurements are 
spatially limited and of suspect quality. Temperature measurements, on the other 
hand, are more widely available and reliable. In addition, the monthly timestep of 
URGSiM reduces temporal variability that would be captured by a more complex 
and data intensive method, which reduces the advantage of the more complex 
method. Indeed, for timesteps longer than 5 days, the Hargreaves 1985 equation 
often compares very favorably to more complex methods (Hargreaves and Allen 
2003). For all of these reasons, the relatively simple Hargreaves 1985 equation 
(Equation 13) was adopted for use by URGSiM: 
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𝐸𝑇𝑜 = 0.0023 𝑅𝑎 (𝑇𝑚𝑒𝑎𝑛
+ 17.8) (𝑇𝑚𝑎𝑥
− 𝑇𝑚𝑖𝑛)0.5 

(13) 

Where: 
 
 Ra is extraterrestrial radiation expressed as a depth of evaporated water per time 
[L/T] 
 
Tmean, Tmin, and Tmax are the mean, minimum, and maximum temperatures in 
Celsius.  
 
For URGSiM, at a monthly timestep, Tmean is the average mean daily temperature 
for the month, and Tmin, and Tmax are the mean daily minimum and mean daily 
maximum temperatures for the month, respectively. 
 
Although the  (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)0.5 term in Equation 13 is not linear, monthly ETo 
values calculated from monthly average inputs are almost identical to monthly 
averages of ETo values calculated from daily inputs (Figure 21) for daily 
Angostura weather station data from 2000 through 2011 (Reclamation 2012). The 
choice to use Hargreaves 1985 is further supported by data availability and quality 
issues in the region explained in more detail in the next two subsections. 
 

 
Figure 21.—Comparison of monthly calculations of ETo in centimeters per day 
(cm/da) using the Hargreaves equation (x-axis) to monthly averages of daily 
calculations of ETo using the same (y-axis) shows an almost imperceptible 
difference between the two methods for 12 years of Angostura weather station 
data. This stability of the non-linear  (𝑻𝒎𝒂𝒙 − 𝑻𝒎𝒊𝒏)𝟎.𝟓 term in the Hargreaves 
equation for daily versus monthly calculations suggests that daily (Tmax – Tmin) in 
°C is relatively constant in any given month. 
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Data Availability Issues 
Within the spatial extent of URGSiM, full weather data (i.e., temperature, wind 
speed, relative humidity, and solar radiation) are available from 1985 through 
1992 and 1993 to present at the Los Lunas and Alcalde data stations 
(New Mexico State University nd). Weather data from additional locations 
became available starting in 2001; however, the 1975 through 1999 calibration 
period is the period of focus for this analysis. Thus for the period of interest, full 
weather data are not available at all for 11 of 25 years and are only available in 
two useful locations for the remaining 14 years. Temperature data, however, are 
more widely available. There are numerous temperature stations along the Upper 
Rio Grande or Rio Chama within the URGSiM model extent with data available 
beginning in 1975 or earlier. The locations of some of these are shown in Figure 
22 along with the two full weather data sites. It is clear from this figure that 
without better spatial and temporal data availability, the potential benefit of a 
data-intensive, Penman-Monteith-based Reference ET method is questionable, 
and a temperature based method makes the most sense for historic calculations. 

Data Quality Issues 
In addition to the spatial and temporal sparseness of the historic record for full 
weather data, preliminary analysis also suggests that the available historic data 
have not been carefully checked and may not be reliable. Keller-Bliesner 
performed a high level analysis of weather data for the Alcalde Station from 
1985 through 2010, and found obvious issues with the solar radiation, relative 
humidity, and wind speed data. As seen in Figure 23, daily solar radiation values 
higher than theoretical maxima, relative humidity values greater than 100 percent 
or equal to 0 percent, and dramatic changes in wind sensor behavior in short 
periods of time were all noted in the data. In general, a model is only as good as 
the data driving it, and this applies to Reference ET equations. As stated in 
Appendix D of the ASCE Standardized Reference Evapotranspiration Equation 
documentation (Task Committee on Standardization of Reference 
Evapotranspiration 2005): 
 

“Weather data must be screened before use in any ET equation, including the 
standardized equation, to ensure that data are of good quality and are 
representative of well-watered conditions. This is especially important with 
electronically collected data, since human oversight and maintenance may be 
limited. When weather measurements are determined to be faulty, they can be 
adjusted or corrected using a justifiable and defensible procedure.”  
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Figure 22.—Weather station data available along river reaches within the URGSiM model 
extent with periods of record starting before the year 2000. Stations are labeled by period 
of record start year. Only two stations are available with long-term full weather data 
(Alcalde and Los Lunas), while numerous stations are available with long-term 
temperature data. 
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Figure 23.—Weather station diagnostics for Alcalde weather station daily data 
between 1985 and 2010. Daily solar radiation values greater than theoretic 
maximum (upper left), maximum relative humidity values greater than 100 percent 
and minimum relative humidity values equal to 0 percent for years at a time (upper 
right), and dramatic shifts to the slope of cumulative wind plots in different years 
(lower left) are indicative of sensor problems. The daily temperature range (lower 
right) seems fine. 
 
 
The limited availability of full weather data sets for the spatial and temporal 
extents of interest to URGSiM coupled with the monthly timestep of the model 
are sufficient to preclude use of a Penman-Monteith ETo equation in the monthly 
timestep for URGSiM. The apparent unreliability of the full weather data adds 
even more credence to the decision to use a temperature-based method. Of the 
temperature-based methods, the Hargreaves 1985 equation (Equation 13 above) is 
perhaps the most widely accepted and is now used in URGSiM for ETo 
calculations. 

III.B.  Crop Coefficients 

Reference ET (ETo) is by definition the potential ET rate of a well-watered 
reference crop. Hargreaves 1985 and most other ETo methods use a grass of 
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specific properties as the reference crop. From this ETo, which is a function of 
atmospheric conditions and reference crop physiology, the potential ET rates of 
other vegetation types can be inferred based on vegetation-specific factors called 
crop coefficients as introduced in Equation 12 above. A crop coefficient of  
0.9 for a given crop in a given time period means that the ET from that crop will 
be 90 percent of reference crop ET. Crop coefficients typically vary with time 
because of changes in the crop phenology.8 Crop coefficients can be defined as a 
function of month, position in growing season, or climatic factors depending on 
the level of detail desired. 

III.B.1.  Issues with the Sammis et al. (1985) Crop Coefficients 
A significant factor in the ET Toolbox’s use of the modified Penman method as 
the default for estimation of ETo was the existence of locally developed crop 
coefficients based on this specific ETo formulation. Sammis et al. (1985) 
developed crop coefficients for alfalfa, cotton, corn, and sorghum at locations 
throughout New Mexico. The crop coefficients were calculated by comparing ET 
estimates for the crop using a mass balance method (non-weighing lysimeter) to 
the Reference ET calculated from weather data using the modified Penman 
equation discussed in Section III.A.1. Reference Evapotranspiration (ET) 
Equations. Rather than correlating the resulting crop coefficients to the day of 
year, however, the crop coefficient was correlated to the cumulative growing 
degree days. Growing degree days are a proxy of expected cumulative plant 
growth, calculated with daily temperature data and plant properties. In this way, 
crop coefficients were calculated as a function of crop stage rather than date. 
Using this method, the crop coefficient for a given crop may vary on a given day 
from year to year based on antecedent temperature conditions to that point in the 
year. For example, in a cold year, alfalfa in June may be smaller and use less 
water than the same field of alfalfa in June of a warmer year. 

Magnitude 
It would be expected that an erroneously high ETo from the modified Penman 
equation (as shown in Section III.A.1. Reference Evapotranspiration (ET) 
Equations) would lead to erroneously low crop coefficients, and that in 
combination the errors would cancel and potential ET estimates would be useful. 
However, as shown in Figure 24 and Figure 25, the opposite is true, at least for 
Angostura 2007 data. Figure 24 shows that Sammis et al. crop coefficients for 
alfalfa at Angostura in 2007 are higher than alfalfa crop coefficients of the 
magnitude of FAO-56 recommendations, particularly during the peak of the 
summer when ETo values are highest. When the effect of the growing degree day 
based crop coefficients are combined with the effect of the high ETo, the result, for 
the Angostura 2007 case, is potential ET estimates of 64 inches per year, which is  

                                                
     8 Crop phenology is the study of periodic plant and animal life cycle events. 
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Figure 24.—Crop coefficients calculated for alfalfa at Alcalde weather station using 
the Sammis et al. (1985) growing degree day (GDD) method compared to simple 
FAO-56 based estimates of 0.4 for the first month of the growing season and 
0.95 thereafter. The growing degree day method values are higher than the FAO-56 
based values from May 21st through September 19th, a nearly 4 month period 
during which Reference ET will be at its greatest. 
 
 
almost 50 percent higher than the 43 inches per year estimated for the FAO-56 
ETo and crop coefficients case. Of this 21-inch-per-year difference, 15 inches 
(over 70 percent) is due to the ETo difference, and the remaining 6 inches is due 
to the crop coefficient difference. These results are shown graphically in 
Figure 25. 

Also shown in Figure 25 is cumulative actual ET estimated by eddy covariance 
tower9 for an alfalfa field in San Acacia, which is further south and at a lower 
elevation than Angostura. Potential ET assumes “standard” growing conditions, 
meaning a disease free, well-fertilized crop, grown in large fields under optimum 
soil water conditions (Allen et al. 1998). This situation typically represents an 
upper limit to ET, and thus actual ET is often less than potential ET. Thus, a  

 

                                                
     9 Data downloaded 6/24/2010 from <http://bosque.unm.edu/~cleverly/ALF/ALF.html>. Website is no 
longer available as of 1/10/2012. 
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Figure 25.—Cumulative potential ET estimates for alfalfa at Angostura in 2007 for 
different combinations of Reference ET (ETo) equations (either modified Penman or 
FAO-56 Penman Monteith) and crop coefficients (Kc) (either Sammis et al. 1985 
growing degree day based method or FAO-56 based). The combination of modified 
Penman ETo with Sammis et al. GDD Kc results in cumulative estimates 50 percent 
greater than the FAO combination. 
 
 
direct comparison of potential ET at Angostura to actual ET at San Acacia is 
difficult in a quantitative sense. However, the fact that actual ET from a “well-
watered” alfalfa field in San Acacia is on the order of 40 inches per year provides 
additional support for the notion that methods used previously by the ET Toolbox 
for calculation of ETo and crop coefficients that suggested more than 60 inches of 
potential ET at a more northerly location were anomalously high. 
 
A remaining question is why the potential ET values calculated by the Sammis 
crop coefficient method are so high when they were developed with field 
experiments. One possibility is that when Sammis et al. excavated and then 
refilled boxes in the field to create the non-weighing lysimeters, they created 
growing conditions that were not representative of the “standard” conditions 
simulated by the ETo equation. Supporting this hypothesis is alfalfa yield data 
shown in Table 17. Alfalfa yields from the five lysimeters were, on average, 
174 percent of yields in the surrounding fields. If instead of calculating ETo, 
Sammis et al had measured it with additional lysimeters growing the reference 
crop, then their results might have been different.  
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Table 17.—Reference ET (ETo), Actual ET (Eta) in Non-Weighing 
Lysimeters, and Yields in the Lysimeters and Surrounding Field Crop 
Yields Reported by Sammis et al (1985) for Alfalfa 

Location 
ETo  

(mm) 
ETa 

(mm) 
Alfalfa Yield (kg/ha) 

Lysimeter Field 
Artesia 2,140 1,873 23,400 13,450 
Clovis 2,142 1,786 15,800 12,780 
Farmington 1,582 1,581 14,700 6,720 
Las Cruces 1 1,710 1,715 21,900 11,430 
Las Cruces 2 1,893 1,687 2,2600 12,100 

Average 1,893 1,728 19,680 11,296 
Note that lysimeter yields are significantly larger than field yields for all locations, with 
lysimeter yields averaging 174 percent of field yields. The non-weighing lysimeters were not 
representative of field conditions, and may not have been representative of “standard” 
conditions. 
kg/ha = kilogram per hectare 
mm = millimeter 

Growing Degree Day Issues 
A final issue that has been noted with the use of growing degree day to estimate 
riparian crop coefficients is situations in which the growing degree day method 
begins to shut the plant down before the end of the growing season. This is 
illustrated when growing degree days are calculated using temperature data from 
the Bosque del Apache temperature station (Western Regional Climate Center 
2013) and then translated to salt cedar crop coefficients using the growing degree 
day method in ET Toolbox (Brower 2008). The result, shown in Figure 26 is a 
crop coefficient that is zero before October 10 in every year between 2000 and 
2008, before salt cedar is done transpiring (the ET Toolbox suggests a 
transpiration end date of November 15th for Salt Cedar).  
 
The ET Toolbox growing degree day versus crop coefficients curves shut down 
salt cedar and cottonwood ET by the time they reach 1,600 growing degree days, 
which is less than any other crop in the ET Toolbox for which crop coefficients is 
used except spring barley. Alfalfa is still transpiring at 4,000 growing degree 
days, and wheat at 3,000 to give some comparison. (The base temperature is 
higher for the riparian species than the other crops, meaning that the riparian 
species’ growing degree days will not accumulate as fast, so the comparison is not 
quite direct, but illustrative nonetheless). 
 
 

                                                
     10 These results are calculated at a monthly timestep using URGSiM, however because GDD days are 
calculated as the midpoint between daily max and daily min temperatures less a base temperature, the sum of 
daily calculated GDD will be the same as a single calculation with monthly average min and monthly average 
max temperatures. 
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Figure 26.—Crop coefficient (Kc) estimated for Salt Cedar at the Bosque del 
Apache temperature station4 using a Growing Degree Method. Note that Kc comes 
down too quickly at the end of the summer mathematically shutting off ET 
prematurely before October of almost every year between 2000 and 2009. 
 
 
According to the ET Toolbox documentation (Brower 2008) page 34, the salt 
cedar and cottonwood growing degree day-to-crop-coefficient relationships are a 
result of “extensive field studies in 1999 at the Bosque Del Apache National 
Wildlife Refuge” by Dr. Salim Bawazir of NMSU. Interestingly, as can be seen in 
Figure 27, 1999 had low average temperatures at Bosque del Apache especially in 
April, June, and July compared to 2000 through 2011. Thus defining growing 
degree days- to-crop-coefficient relationships based on a single (relatively cool) 
year of data may explain why those curves end at 1,600 growing degree days but 
growing degree day values exceeding this are reached at Bosque del Apache by 
October of all but one year between 2000 and 2009. Regardless of the reason, the 
GDD based crop coefficients used previously by URGWOM and URGSiM can 
lead to obviously erroneous results for riparian vegetation in the (warmer) 
southern reaches of the Middle Rio Grande. 

III.B.2.  Current Crop Coefficient Methods 

Irrigated Agriculture 
Irrigated agriculture in the URGSiM model extent has been dominated during 
recent history by alfalfa and pasture grass (see Section.III.C. Vegetation 
Classifications). To choose a new crop coefficient methodology for use in  
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Figure 27.—Monthly average temperature at the Bosque del Apache temperature 
station in 2000-2011 compared to the year 1999. Growing Degree Day based 
estimates of riparian crop coefficients in the ET Toolbox are based on 1999 field 
data from Bosque del Apache. 1999 was a cool summer in this location, especially 
in April, June, and July compared to 2000-2011. The “warmer” percentages mean 
that, for example, 100 percent of Aprils between 2000 and 2011 had higher average 
temperatures than April of 1999. 
 
 
URGSiM, observed ET data from the eddy covariance tower over an alfalfa field 
near San Acacia (data seen previously in Figure 25) was compared to potential ET 
calculated with a Hargreaves ETo method and alfalfa crop coefficients from three 
different sources, the Sammis et al. (1985) growing degree day method, the 
Middle Rio Grande Water Assessment (Reclamation 1997) values, and FAO-56 
(Allen et al. 1998) based values. Results are seen in Figure 28 below. The actual 
ET is less than any of the potential ET values during the main growing season, but 
more than any method in October through December. The Sammis et al. (1985) 
growing degree day method results in the highest estimated potential ET while 
results from the MRGWA (reference) and FAO-56 (reference) crop coefficients 
are comparable. Based on this result, crop coefficient values based on FAO-56 
were adopted for use in URGSiM for alfalfa, pasture grass, grains, and fruits and 
vegetables crop types. (The use of these four irrigated crop classifications is 
explained in Section III.C. Vegetation Classifications below.) The crop 
coefficients used are shown in Figure 29.  
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Figure 28.—Estimates of potential ET for an alfalfa field near San Acacia during 
2007. Blue line are estimates of actual ET from an eddy-covariance tower (see 
footnote #3). The red line is calculated ETo using the Hargreaves 1985 equation 
with observed temperature data from a temperature station next to the field. The 
remaining three lines are potential ET estimates resulting from multiplication of the 
ETo value by a crop coefficient for alfalfa for the given month from either the 
Sammis et al. (1985) GDD method, the Middle Rio Grande Water Assessment 
(MRGWA), or FAO-56 (Allen et al. 1998) based values. 
 
 

 
Figure 29.—Tabular and visual representation of crop coefficients used by 
URGSiM. 
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Riparian Vegetation 
Figure 29 above also show values used for riparian vegetation, which are 
explained here. Riparian vegetation is vegetation growing along the river corridor 
which for the purposes of URGSiM is deep-rooted vegetation that can obtain 
water from the shallow ground water system (i.e., trees but not grasses), and is not 
irrigated. Eddy covariance tower measurements of actual ET from riparian 
vegetation are available in the Middle Rio Grande valley from 2000 through 2004 
(Cleverly et al. 2006). Eddy covariance derived ET data from three locations 
representing sparse cottonwood, dense cottonwood, and salt cedar vegetation 
types is shown in Figure 30. 
 

Figure 30.—Eddy covariance tower based monthly ET estimates for sparse 
cottonwood (blue), dense cottonwood (green), and salt cedar (red) vegetation 
types from 2000 through 2004. Shapes indicate the year of measurement, colors 
indicate vegetation type, and the solid lines represent vegetation specific average 
values. Average cumulative annual values (shown in inset) are approximately 
41 inches for salt cedar, 42 inches for dense cottonwood, and 48 inches for sparse 
cottonwood. 
 



The Upper Rio Grande Simulation Model (URGSiM) 
West-Wide Climate Risk Assessment: Upper Rio Grande Impact Assessment 
 
 

 
 
E-60 Reclamation, USACE, and 

Sandia National Laboratories 

Modeling ET from riparian vegetation is complicated by reductions in potential 
ET as groundwater levels drop. Groundwater models typically specify some 
relationship between depth to groundwater and potential ET. In their Albuquerque 
Basin MODFLOW groundwater model, McAda and Barroll (2002) specify 
groundwater deeper than 30 feet (extinction depth) as inaccessible to riparian 
vegetation, and a maximum riparian ET of 5 feet per year when groundwater 
levels reach the ground surface. Baird and Maddock (2005) use a relationship 
between transpiration and groundwater depth that reflects decreases in plant 
activity for very shallow groundwater situations due to root inundation. As water 
levels approach the surface and transpiration shuts down (as shown by the Baird 
and Maddock [2005] line in Figure 31), direct evaporation from the ground 
surface should increase. For a spatially distributed model, it might be possible to 
separate transpiration and ground surface evaporation components, but for the 
spatially lumped URGSiM model, it would be difficult. To capture the 
transpiration peak in the Baird and Maddock (2005) line while including the deep 
extinction depth and direct evaporation for very shallow groundwater from 
McAda and Barroll (2002), URGSiM uses a combination of the two. The 
URGSiM relationship is shown along with those from McAda and Barroll (2002) 
and Baird and Maddock (2005) in Figure 31. Finally, to use reference ET 
information, URGSiM substitutes atmospheric potential ET for the absolute rates 
used by McAda and Barroll (2002) and Baird and Maddock (2005) (5 feet per 
year and 0.3 centimeters per day respectively). In this way, URGSiM combines 
both groundwater level and atmospheric condition information in the calculation 
of riparian ET.  
 
Adding the groundwater dependence to Equation 12, we get Equation 14: 
 

𝐸𝑇𝑝
𝑔𝑤𝑧,𝑚,𝑣 = 𝐸𝑇𝑜

𝑟,𝑚 ∗ 𝐾𝑐
𝑚,𝑣 ∗ 𝐺𝑊𝑐

𝑔𝑤𝑧,𝑚,𝑣

∗ 𝐴𝑔𝑤𝑧,𝑚,𝑣 
(14) 

Where: 
 
𝐸𝑇𝑝

𝑔𝑤𝑧,𝑚,𝑣 [L3/T] is evapotranspiration from riparian crop v in groundwater zone 
gwz during month m 
 
𝐸𝑇𝑜

𝑟,𝑚 [L/T] is reference ET in reach r during month m 
 
𝐾𝑐
𝑚,𝑣 [-] is the riparian crop coefficient 

 
𝐺𝑊𝑐

𝑔𝑤𝑧,𝑚,𝑣 [-] is the groundwater coefficient (percent of maximum ET due to 
groundwater depth) which is calculated with the depth to groundwater in 
groundwater zone gwz during month m, and the URGSiM relationship shown in 
Figure 31 
 
𝐴𝑔𝑤𝑧,𝑚,𝑣 [L2] is the area of riparian vegetation.  
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Figure 31.—Relationship between depth to groundwater and atmospheric potential 
ET used by URGSiM. Atmospheric potential ET is defined as reference ET times 
the riparian crop coefficient. The McAda and Barroll (2002) and Baird and Maddock 
(2005) curves are defined with respect to absolute maximum ET rates of 5 feet per 
year and 0.3 centimeters per day respectively. By specifying these values as 
atmospheric potential, the URGSiM method normalizes the lines and combines 
depth to groundwater and atmospheric conditions. 
 
 
In URGSiM, reference ET is calculated at a reach level while groundwater levels 
are calculated at a smaller spatial unit called a groundwater zone as discussed in 
Section II.A.2. Dynamic Regional Groundwater Modeling. Values can be rolled 
up from groundwater zone to reach or disaggregated from reach to groundwater 
zone, depending on computational needs. Riparian vegetation crop coefficients 
adopted for use in URGSiM (Figure 29) are not spatially dependent, and so no 
reach or groundwater index has been added to the crop coefficient notation in 
Equation 14.  
 
If we divide both sides of Equation 14 by the vegetation area, make the 
assumption that for groundwater dependent vegetation actual ET is equal to 
potential ET, and rearrange Equation 14 to solve for crop coefficient, we get 
Equation 15: 
 

𝐾𝑐
𝑚,𝑣 =  

𝐸𝑇𝑎−𝑑𝑒𝑝𝑡ℎ
𝑚,𝑒𝑐𝑡

𝐸𝑇𝑜
𝑚,𝑒𝑐𝑡 ∗ 𝐺𝑊𝑐

𝑚,𝑣,𝑒𝑐𝑡 
(15) 
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Where: 
 
 𝐸𝑇𝑎−𝑑𝑒𝑝𝑡ℎ

𝑚,𝑒𝑐𝑡  is actual ET depth [L] measured at eddy covariance tower ect. 
 
The reference ET and groundwater depth (and thus groundwater coefficient) are 
based on weather data and groundwater depth measurements at the same eddy 
covariance tower ect. All terms on the right can be solved with data from a given 
eddy covariance tower. 
 
Riparian vegetation in URGSiM is dominated by cottonwood and salt cedar (see 
Section III.C.2. Riparian Vegetation, and thus data from all three towers shown in 
Figure 30 were used to develop riparian crop coefficients. Reference ET was 
calculated with the Hargreaves 1985 equation, and the groundwater coefficient 
was calculated with the URGSiM relationship to groundwater depth shown in 
Figure 31. The resulting coefficients for each tower, as well as the average of the 
three towers are shown in Figure 32. Based on data overlap and relative 
consistency between the average data from the three different towers, the overall 
average crop coefficient was adopted for use throughout URGSiM.  
 

Figure 32.—Monthly crop coefficients derived based on eddy covariance data in 
the Middle Rio Grande from 2000 through 2004 for specific vegetation types, and 
an overall average adopted for use in URGSiM. 
 
 
While the riparian vegetation crop coefficients derived here should be useable 
with reference ET calculated with other accepted methods, they are specific to the 
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relationship between depth to groundwater and maximum riparian ET used here 
and should not be used with other groundwater to maximum riparian ET 
relationships. 
 
Figure 33 shows the impact of the groundwater depth correction and an alternate 
set of riparian vegetation crop coefficients that can be used without groundwater 
depth information, or with the McAda and Barroll (2002) relationship shown in 
Figure 31 above. The crop coefficient values calculated with the McAda and 
Barroll are extremely large as a result of groundwater depths on the order of 5 to 
6 feet and actual cumulative riparian ET on the order of 3.5 to 4 feet in the areas 
where these measurements were made. The McAda and Barroll (2002) 
relationship would suggest only 2.5 to 3 feet of riparian loss for this situation 
without a crop coefficient correction, and thus a high crop coefficient is needed to 
reconcile the two. This results in values close to 100 percent of maximum for the 
URGSiM groundwater-potential ET percentage relationship (Figure 31), but sub-
optimal values of 50 percent to 60 percent for the McAda and Barroll relationship.  
 

Figure 33.—Monthly crop coefficients derived based on eddy covariance data in 
the Middle Rio Grande from 2000 through 2004 with different treatment of depth to 
groundwater as a constraint on potential ET. The values adopted use the URGSiM 
groundwater-ET relationship shown in Figure 31. 
 
 
It is important to realize that estimates of ET from riparian vegetation without use 
of groundwater depth implicitly assume some availability of water to the plant  
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and thus some depth to groundwater. In the case of the groundwater independent 
crop coefficients shown in Figure 33, the implicit condition is the average depth 
to groundwater experienced by the vegetation when the eddy covariance tower 
measurements were made. 

For the eddy covariance tower data used here, the monthly average groundwater 
depth was less than 6.56 feet in 69 percent of measurements and between 6.56 and 
9.84 feet in 21 percent of measurements—where the riparian ET would be 
100 percent and at least 90 percent of atmospheric potential, respectively, 
according to the URGSiM relationship between groundwater depth and 
atmospheric potential ET shown in Figure 31. Thus it is not surprising that the 
adopted riparian crop coefficient value is close to the uncorrected groundwater 
value. Eddy covariance tower data and groundwater level data from areas where 
the depth to groundwater is between 10 and 30 feet more often would make these 
results more robust. Put another way, if groundwater levels are always within 
10 feet of the surface, no groundwater correction would be necessary if the 
URGSiM relationship between depth to groundwater and potential atmospheric 
ET shown in Figure 31 holds. Nonetheless, the Kc values shown in Figure 32 are 
adopted for use in URGSiM where there are areas with riparian groundwater 
levels that are deeper than 10 feet. 

Open Water 
During the historic period, evaporation rates from the seven reservoirs for which 
evaporation is modeled in URGSiM (Heron, El Vado, Abiquiu, Cochiti, Jemez, 
Elephant Butte, and Caballo reservoirs) are calculated as 70 percent of measured 
pan evaporation. This is the standard method used for accounting by the water 
management entities in the basin, though the physical basis for this for all 
reservoirs in the basin is questionable as will be discussed more below. For climate 
change scenarios where impacts of changing temperature are to be evaluated with 
URGSiM, a temperature based method of ET estimation is necessary. The ET 
Toolbox (Brower 2008) includes open water evaporation coefficients from Jensen 
(1998) that are used to predict open water evaporation from ETo. Because the 
Jensen coefficients were developed in the lower Colorado River, URGSiM does 
not use them, instead relying on coefficients calculated here based on pan 
evaporation rates observed at the Rio Grande reservoirs. Two notes of caution 
here.  
 

• An equation like the Hargreaves 1985 reference equation designed to 
calculate evapotranspiration is set up to handle the physical differences 
between evaporation and transpiration, namely additional surface area and 
stomatal resistance associated with transpiration in plants compared to 
evaporation from a water or soil surface. To calculate open water 
evaporation, one might be better served by an early evaporation equation 
such as the Penman (1948) which was developed more based on 
evaporation than transpiration. However, the data limitations described 
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previously remain problematic. Therefore, despite this theoretic weakness, 
for reasons of practicality and simplicity, ETo is used by URGSiM to 
predict open water evaporation. 
 

• Pan evaporation can overestimate large and deep water body evaporation 
significantly largely because of temperature in the pan rarely matching 
that in the larger water body. As a result, the measured pan evaporation is 
multiplied by a calibration factor (70 percent in the case of URGSiM 
based on URGWOM methods) to account for some of this error. However, 
using the same factor of 70 percent at the relatively cool northern Heron 
Reservoir (elevation ~7,200 feet msl) and the warmer southern Elephant 
Butte Reservoir (elevation ~4,300 msl) as is done now in URGWOM and 
URGSiM may warrant some discussion. This issue will be seen in the 
calculations below. 

 
Reference ET was calculated from 1975 through 2006 at the El Vado Dam, 
Abiquiu Dam, Cochiti Dam, Elephant Butte Dam, and Caballo Dam temperature 
stations using the Hargreaves (1985) equation. 11 For the same months, measured 
pan evaporation at each of these reservoirs was multiplied by the 70 percent 
factor, and this total then divided by the calculated reference ET to get an implied 
open water crop coefficient specific to a specific historic month and reservoir. 
This is shown in Equation 16 below which is a restatement of Equation 15 
without any groundwater influence. 
 

𝐾𝑐
𝑚,𝑟𝑒𝑠 =  

𝐸𝑇𝑝𝑎𝑛−𝑑𝑒𝑝𝑡ℎ
𝑚,𝑟𝑒𝑠

𝐸𝑇𝑜
𝑚,𝑟𝑒𝑠  

(16) 

 
Finally all values for a given month of year at a given reservoir were averaged 
and rounded to the nearest tenth to get estimated monthly open water evaporation 
coefficients for each of the five reservoirs as shown in Table 18. Empty cells from 
November through March at reservoirs upstream of Elephant Butte Reservoir are 
a result of pan evaporation not being recorded during winter months at the 
northern reservoirs. URGSiM uses the April coefficient for January through 
March, and the October coefficient for November and December at these 
reservoirs. URGSiM uses El Vado Reservoir values for Heron Reservoir, and 
Cochiti Reservoir values for Jemez Reservoir, and the value for the closest 
reservoir for direct river channel evaporation calculations.  
 

                                                
     11 Western Regional Climate Center 2013. URLS are as follows: El Vado Dam: 
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nm0041, Abiquiu Dam: http://www.wrcc.dri.edu/cgi-
bin/cliMAIN.pl?nm1982, Cochiti Dam: http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nm2848, 
Elephant Butte Dam: http://www.wrcc.dri.edu/cgi- bin/cliMAIN.pl?nm1286, and Caballo Dam: 
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nm2837. Accessed 1/16/2012. 

http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nm0041
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nm1982
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nm1982
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nm2848
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nm1286
http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?nm2837
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It is clear in Table 18 that the coefficients increase in magnitude with distance 
south (and overall evaporative potential). In theory, climatic variability is handled 
by the reference equation, and thus the consistent spatial variability seen in 
Table 18 suggests a model weakness. This is a result of either errors in the 
reference ET equation, the inability of reference ET to capture open water 
evaporation, or the actual evaporation estimate, or all three. Because of the trend 
towards increasing coefficients with increasing temperatures, it seems likely that 
this error is largely a result of assuming that 70 percent of pan evaporation is a 
reasonable approximation of actual reservoir evaporation at all reservoirs. These 
results could be explained by pan evaporation values that overestimate actual 
reservoir evaporation to a greater and greater degree as the air temperature at the 
reservoir, and thus presumably the difference in water temperature between pan 
and reservoir increases, a hypothesis that fits well with known deficiencies of pan 
evaporation measurements. 
 
 
Table 18.—Open Water Evaporation (crop) Coefficients Calculated from 
Temperature and Pan Evaporation Data Measured at Five Reservoirs in New 
Mexico between 1975 and 2006 

Calculated Open Water Evaporation Coefficient by Month and Reservoir: 

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

El Vado    0.9 0.9 0.9 0.8 0.8 0.8 0.8   
Abiquiu    1.2 1.2 1.1 1.0 1.0 1.0 1.2   
Cochiti    1.3 1.2 1.2 1.1 1.1 1.2 1.3   
Elephant Butte 1.3 1.3 1.6 1.6 1.6 1.4 1.3 1.2 1.3 1.4 1.5 1.3 
Caballo 1.4 1.2 1.4 1.3 1.3 1.2 1.2 1.1 1.1 1.3 1.3 1.3 
El Vado Reservoir coefficients are used for Heron Reservoir, and Cochiti Reservoir coefficients are used for 
Jemez Reservoir. 

III.C.  Vegetation Classifications 

URGSiM was developed by closely following URGWOM, and initially used 
riparian and irrigated agricultural areas from that model. Recently, the 
classifications of land types used have been simplified as explained in this 
section.  

III.C.1.  Irrigated Agriculture 
URGSiM uses estimates of irrigated area by reach and by crop type that were 
developed for URGWOM based on Middle Rio Grande Conservancy District 
(MRGCD) and Reclamation’s annual crop acreage reports. Values for 19 different 
crops for each year from 1975 through 1999 for each river reach between Cochiti 
Reservoir and San Marcial are shown in Table 56 of the 2002 URGWOM model 
documentation (U.S. Army Corps of Engineers [USACE] et al. 2002). Until 
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recently, URGSiM used 20 crop types from the ET Toolbox (Brower 2008) that 
overlapped reasonably with the 19 crop types shown in the URGWOM 
documentation. However, the historic crop distribution is dominated by alfalfa 
and pasture grass such that additional crop types don’t add much information to 
the model. As seen in Figure 34, URGSiM currently uses only four crop types: 
alfalfa, pasture grass, grains, and fruits and vegetables. Values for estimated 
irrigated crop area in the Middle Rio Grande (Cochiti to Elephant Butte) from 
1975 through 1999 are shown by crop type in Figure 35 and by reach in 
Figure 36. URGSiM also includes about 5,000 acres each in the Rio Chama, 
Rio Grande above Otowi, and Jemez valleys, and 250 acres between San Acacia 
and San Marcial in which the simplified four-crop classification is used. 
 

Figure 34.—URGSiM crop type classifications and relative total percentages in the 
Upper Rio Grande in 1999. Left pie is the previous crop type classifications, and 
right pie is the current classifications. The crop types defined in the left pie are 
based on ET Toolbox classifications (Brower 2008). Alfalfa and pasture grass 
dominate irrigated area in the UpperRio Grande. 

III.C.2.  Riparian Vegetation 
Until recently, URGSiM used five riparian vegetation classifications based on 
data in the ET Toolbox (Brower 2008):  
 

• Bosque (a mix of cottonwood and salt cedar)  
• Cottonwood  
• Marsh  
• Grass  
• Salt cedar 
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Figure 35.—Irrigated area in the Upper Rio Grande from 1975-1999 by URGSiM crop 
type classification. 
 
 

 
Figure 36.—Irrigated area in the Upper Rio Grande from 1975-1999 by river reach. 
Cti2Sfp: Cochiti to San Felipe, Sfp2Alb: San Felipe to Albuquerque, Alb2Bdo: 
Albuquerque to Bernardo, Sa2Sm: San Acacia to San Marcial. 
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As seen in Figure 37 the estimates of areas of riparian vegetation in the Middle 
Rio Grande are dominated by bosque and salt cedar. This makes the cottonwood, 
marsh, and grass categories of questionable value to the model. As seen in 
Figure 30 and discussed above, no significant difference between cottonwood and 
salt cedar was evident from analysis of eddy covariance based estimates of ET. 
Thus, the model benefit of maintaining a difference between these is also 
questionable. As a result, URGSiM now uses only one riparian vegetation 
category reflecting a mix of cottonwood and salt cedar). To get potential ET, total 
riparian vegetation area is multiplied by ETo times the groundwater depth 
modified riparian crop coefficient. 
 

 
Figure 37.—Riparian vegetation area by class in the Middle Rio Grande as 
represented previously in URGSiM. Area is dominated by Bosque (a mix of 
cottonwood and salt cedar) with the exception of significant salt cedar area in the 
San Acacia to San Marcial (Sa2Sm) reach. 

III.D.  Effective Precipitation 

Effective precipitation is the portion of precipitation that can be used directly be a 
crop. It is calculated in URGSiM (and URGWOM) by using a monthly average 
approach developed by the United States Department of Agriculture’s Soil 
Conservation Service in their Technical Release No. 21 (United States 
Department of Agriculture 1970) (TR-21). According to the TR-21 method, 
monthly effective precipitation can be estimated as a function of total 
precipitation, depth of irrigation application, and crop consumptive use as 
shown in Equation 17: 
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𝑝𝑒 = 𝑠𝑓 ∗ (0.70917𝑝𝑡0.82416

− 0.11556)
∗ 100.02426𝐸𝑇𝑝  

(17) 

 
Where: 
 
𝒑𝒆 = effective precipitation in inches per month 
 
𝒔𝒇 = a soil storage factor determined by the depth of irrigation application as 
shown in Table 19 
 
𝒑𝒕 = total monthly precipitation in inches per month 
 
𝑬𝑻𝒑 = the crop potential ET (ETo * kc), also in inches per month. At each 
timestep, URGSiM calculates the net irrigation requirement as the crop potential 
ET less the effective precipitation. 
 
 

Table 19.—Storage Factor (sf) as a Function of Irrigation 
Application Depth Used to Estimate Monthly Effective 
Precipitation with the TR-21 Method (United States 
Department of Agriculture 1970) 

Irrigation 
Application 

Depth (inches) 
Storage 

Factor sf (-) 

 

Irrigation 
Application 

Depth 
(inches) 

Storage 
Factor sf (-) 

0.75 0.72 3 1 
1 0.77 4 1.02 

1.5 0.86 5 1.04 
2 0.93 6 1.06 

2.5 0.97 7 1.07 

III.E.  Implications of Changed Methods on Historic 
Mass Balance 

Evapotranspiration is calculated spatially and temporally in URGSiM, and is an 
important term in the hydrologic mass balance. Because ET is part of a mass 
balance that was calibrated to get close to observed agreement at observation 
points (stream flow gages or reservoir stage gages), a 50 percent reduction in ETo 
does not necessarily result in a 50 percent reduction in modeled ET as other mass 
balance terms compensate to absorb changes to ETo. As seen in Table 20, the new 
ET methods result in approximately 12 percent of total ET reduction between 
Cochiti and Elephant Butte reservoirs in the recalibrated URGSiM model (665 cfs  
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Table 20.—Summary of Changes to ET Methods Described in this Document (rows above greyed out 
row), and Resulting Changes to Total ET and Ungaged Inflows (Model Calibration Term) for URGSiM 
Reaches Below Cochiti Reservoir 

 Old ET Methods Current ET 
Methods Difference 

ETo: Modified Penman 1985 Hargreaves Reduced ETo 

Irrigated Crop Kc: Growing Degree Day FAO-56 Based Reduced Kc 

Riparian Kc: Growing Degree Day From local data Reduced Kc ? 

Effective Precipitation: None considered TR-21 (USDA 1970) Less irrigation demand 

Irrigated Crop Types: 18 4 Reduced complexity 

Riparian Veg. Types: 5 1 Reduced complexity 

 

Reach 

Average Modeled Flux 
1975-2000 

Average Modeled Flux 
1975-2000 Change 

Ungaged 
inflows 

(cfs) 
ET 

(cfs) 
Net 
(cfs) 

Ungaged 
inflows 

(cfs) 
ET 

(cfs) 
Net 
(cfs) 

Ungaged 
Inflows 

(cfs) 
ET 

(cfs) 
Net 
(cfs) 

Cochiti to San Felipe 16 39 -23 9 29 -20 -7 -10 3 

Jemez Pueblo to Jemez Dam 45 42 4 36 27 9 -9 -14 5 

San Felipe to Albuquerque 35 97 -62 10 75 -65 -25 -22 -3 

Albuquerque to Bernardo 39 256 -217  237 -237 -39 -19 -20 

Bernardo to San Acacia  29 -29  16 -16 0 -13 13 

San Acacia to San Marcial  169 -169  175 -175 0 6 -6 

San Marcial to Elephant Butte  33 -33  27 -27 0 -6 6 

Total 135 665 -530 55 586 -531 -80 -79 -1 
 
 
to 586 cfs). The reach-specific changes range from a 45 percent ET decrease for 
the for the Bernardo to San Acacia reach (29 cfs to 16 cfs), and a 34 percent ET 
decrease for the Jemez reach (42 cfs to 27 cfs) to a 3 percent increase between 
San Acacia and San Marcial (169 cfs to 175 cfs). The increase between San 
Acacia and San Marcial may be a result of the changes to riparian crop coefficient 
calculations correcting premature shutdown of riparian ET noted in southern 
reaches with the growing degree day method (see Figure 26). 
 
In addition to changes in modeled ET, Table 20 also shows changes to ungaged 
inflows because these are the main calibration term used in URGSiM for surface 
water reaches. Net changes to ungaged inflows offset much of the change to ET in 
the reaches from Cochiti Reservoir to Bernardo. The remainder of the change is 
absorbed by other mass balance terms, including surface water groundwater 
interactions and groundwater movement. Because the groundwater system ties 
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certain reaches together, the net changes to ungaged inflows minus the ET term 
are close to zero across all reaches associated with a given groundwater basin. 
Reaches between Cochiti Reservoir and San Acacia overlie the Albuquerque 
groundwater basin and show a net decrease of less than 2 cfs across reaches for 
the ungaged inflows minus the ET term. The San Acacia to Elephant Butte 
Reservoir reaches are associated with the Socorro groundwater basin and do not 
have any modeled ungaged inflows, and thus show no net change to ET across the 
two reaches.  
 
The ET methods developed by Sammis et al. (1985) and used until 2011 in the ET 
Toolbox (Brower 2008), URGWOM (USACE et al. 2002) and URGSiM have 
been shown to be unreliable as compared to current best available methods. The 
modified Penman Reference ET equation adopted by Sammis et al. (1985) 
overestimates ETo when compared to other more widely accepted methods, and 
the associated growing degree day based crop coefficients appear to overestimate 
irrigated crop demand, and potentially underestimate riparian ET significantly in 
warm locations by shutting riparian vegetation down prematurely.  
 
In terms of choosing a replacement method, the available historic weather data in 
the basin for solar radiation, relative humidity, and wind speed are limited 
spatially and of suspect quality during the 1975 through 2000 URGSiM 
calibration period. This lack of quality solar, wind, and humidity data reduces the 
advantages of calculating ETo with the widely accepted but more data-intensive 
Penman-Monteith equations and has resulted in the decision to use the simpler 
temperature based Hargreaves 1985 method. Finally, irrigated crop types in the 
Rio Grande are dominated in the Rio Grande by alfalfa and pasture grass, and 
riparian vegetation types by the bosque classification, and thus irrigated crop and 
riparian vegetation classifications have been simplified to reduce unnecessary 
model complexity. In sum, these changes have resulted in a far simpler and more 
reliable method for estimating irrigated crop and riparian vegetation 
evapotranspiration demands as a function of climatic conditions. 

III.F.  Reservoir Operations in URGSiM 

URGSiM simulates the operations of: 
 

• Three reservoirs on the Chama system (Heron, El Vado, and Abiquiu) 
• Two reservoirs on the Santa Fe River system (McClure and Nichols) 
• One reservoir on the Jemez River (Jemez Canyon Dam) 
• Three reservoirs on the Rio Grande mainstem (Cochiti, Elephant Butte, 

and Caballo) 
 
See Section II.B.3: Reservoir Mass Balance for a description of the general 
approach to calculating reservoir mass balance, and Section 1.A. Spatial Extent, 



The Upper Rio Grande Simulation Model (URGSiM) 
West-Wide Climate Risk Assessment: Upper Rio Grande Impact Assessment 

 
 

 
 
Reclamation, USACE, and E-73 
Sandia National Laboratories 

Resolution, and Data Requirements for reservoir-specific discussion of inflows. 
This section will focus on the operations rules necessary to determine reservoir 
releases during scenario evaluation. URGSiM tracks two main classes of water 
“type”: native and San Juan-Chama Project water. Native water originates within 
the Rio Grande watershed, while San Juan-Chama Project water originates in the 
San Juan watershed and is conveyed by tunnels and open channels into Heron 
Reservoir as discussed in Section III.H.1. San Juan-Chama Diversions to Azotea 
Tunnel Outlet  

III.F.1.  Overall Water Operations 
Overall water operations for the Upper Rio Grande are discussed in Upper 
Rio Grande System and Operations (Reclamation 2013).  

III.F.2.  Heron Reservoir Operations 
Heron Reservoir is operated by the Reclamation to store San Juan-Chama Project 
water diverted from the Colorado River basin into the Rio Grande Basin for use by 
entities with contracts to the water. There are currently 17 contractors with rights to 
almost all 96,200 acre-feet of annual allocation of San Juan-Chama Project water 
(Reclamation, 2006). The ownership of San Juan-Chama Project water is classified 
within URGSiM into six different subclasses: San Juan-Chama Project water 
contracted by Albuquerque Bernalillo County Water Utility Authority (ABCWUA), 
the Middle Rio Grande Conservation District (MRGCD), the City and County of 
Santa Fe, the Cochiti Recreation Pool, and all other (“Combined”) San Juan-Chama 
Project contractors. URGSiM also tracks an account for San Juan-Chama Project 
water leased from one of the five San Juan-Chama Project contractor groups to 
Reclamation for stream flow augmentation purposes. URGSiM allocates 95,200 
acre-feet per year amongst the five contracting entities as shown in Table 21. The 
final 1,000 acre-feet per year is unallocated water reserved for future Native 
American water rights settlements and not considered in URGSiM.  
 
 

Table 21.—Contracted San Juan-Chama Project Water Volumes Used by 
URGSiM 

Contractor 
Contracted Volume  
(acre-feet per year) 

Albuquerque Bernalillo County Water Utility 
Authority 48,200 

Middle Rio Grande Conservancy District 20,900 
City and County of Santa Fe 5,605 
Cochiti Recreation Pool 5,000 
”Combined” other contractors 15,495 

Total 95,200 
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In January of each year, the contractor allocation of San Juan-Chama Project 
water in Heron Reservoir available for use in that year is set to the annual right. 
Any amount not used by the end of the year reverts to the general pool from 
which the allocations are reset at the beginning of the next year. In practice, to 
avoid a dramatic release of unused contractor water from Heron Reservoir at the 
end of the year, there is some flexibility in release date granted to the contractors 
to allow releases of the previous year’s water into the next year. In simple terms 
then, Heron Reservoir is modeled to pass through all native water, and release San 
Juan-Chama Project water based on modeled requests from contractors up to their 
annual allocation. The legal framework of San Juan-Chama Project operations 
mean that evaporative losses are not charged to a given contractor, so the annual 
allocation of water is available to the contractor at any time in the year. In other 
reservoirs where the contractors may be allowed to store San Juan-Chama Project 
water, the water is subject to evaporative losses. The result of this is that 
contractors are assumed to prefer to leave their allocation of water in Heron 
Reservoir until they have use for it downstream, only moving it into downstream 
storage to avoid losing the water to the general pool at the end of the year. 

III.F.3.  El Vado Reservoir Operations 
In each timestep, modeled reservoir releases from El Vado Reservoir are 
determined based on reservoir capacity (determined by the maximum 
conservation storage elevation), reservoir supply, and downstream demands. 
Generally, the reservoir is operated to store all native water possible during 
periods of high inflow in order to serve irrigated areas downstream during periods 
of lower flow. Operational constraints are associated with Indian lands with 
irrigation rights, Article VII of the Rio Grande Compact, and San Juan-Chama 
Project water, each of which is described in greater detail in the following three 
subsections.  

Prior and Paramount Storage 
The downstream irrigated areas served by El Vado Reservoir include almost 
9,000 acres of native American lands with rights that are senior (prior and 
paramount) to all other irrigation rights. El Vado Reservoir is used to assure water 
supply through the year to these prior and paramount lands. The amount that 
should be stored to assure prior and paramount supply is determined by the 
Bureau of Indian Affairs (BIA), and future development of URGSiM will 
incorporate the BIA storage requirements. Currently, however, URGSiM uses end 
of month prior and paramount storage targets shown in Table 22 below. URGSiM 
classifies each year as dry, average, or wet based on a sum of January through 
April flows past the Rio Chama near La Puente (USGS 8284100) and Rio Grande 
at Embudo (USGS 8279500) stream gages compared to the average value for that 
sum. 80 percent to 120 percent of average flow is defined as an average year, with 
wet and dry on the outside of that range. While the values shown in Table 22 are 
different from current BIA requirements, this should have limited impact on the  
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Table 22.—End of Month Prior And Paramount Storage 
Targets Currently Used in URGSiM 

Month 

El Vado End of Month Prior and Paramount 
Storage Requirement Used by URGSiM 

(acre-feet) 
Dry Years Average Years Wet Years 

January 0 0 0 
February 0 0 0 

March 0 0 0 
April 28,900 8,970 0 
May 29,380 9,120 0 
June 20,490 6,360 0 
July 10,080 3,130 0 

August 2,690 830 0 
September 0 0 0 

October 0 0 0 
November 0 0 0 
December 0 0 0 

 
 
effects of increased conservation storage at El Vado Reservoir because prior and 
paramount storage requirements become important when Article VII is in effect 
and thus reservoir elevations are low, while an increased reservoir capacity is 
important when reservoir elevations are high.  

Article VII 
Article VII of the Rio Grande Compact prohibits additions to native storage in 
El Vado Reservoir if the useable water12 stored in Elephant Butte and Caballo 
reservoirs is less than 400,000 acre-feet. There are two exceptions to Article VII 
incorporated into URGSiM: 
 

• Because prior and paramount irrigation rights predate the Rio Grande 
Compact, native water necessary to assure prior and paramount supply 
through the growing season can be added to storage in El Vado Reservoir 
during Article VII restrictions. Thus, native storage up to the amounts 
shown in Table 22 may be added even during periods of Article VII 
restrictions. For this reason, prior and paramount native water is tracked 
separately from MRGCD native water.  

                                                
     12 Useable water in Elephant Butte and Caballo is all native water in the reservoirs, exclusive 
of any credit water from previous New Mexico or Colorado deliveries in excess of legal 
requirements. 
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• If New Mexico accrues sufficient compact credits, then by mutual 
agreement with Texas, some of those credits may be relinquished to be 
used in the future for storage at El Vado Reservoir (or at other post-
compact reservoirs) during periods of Article VII restrictions. MRGCD 
may use on third of relinquished credits, and Reclamation may use on 
third by as Reclamation Emergency Drought Water (REDW) for flow 
augmentation purposes in accordance with the 2003 Emergency Drought 
Water Agreement.  

 
The MRGCD relinquished credit water becomes native MRGCD water when 
stored. The REDW is used to meet flow targets between Cochiti and Elephant 
Butte reservoirs. At each timestep, URGSiM calculates the amount of water 
required to meet minimum flow targets at Central gage in Albuquerque, Isleta 
diversion south of Albuquerque, and San Acacia gage. These demands are met 
with REDW water first, and leased San Juan-Chama Project water stored in 
Abiquiu Reservoir second. Although not utilized for these runs, URGSiM can be 
set up to automatically relinquish compact credits once New Mexico credits reach 
a user defined threshold. These relinquished credits can be used for storage during 
periods of Article VII restrictions. No relinquishments occurred in the runs 
evaluated here. Noting that URGSiM includes Elephant Butte and Caballo 
reservoirs, and thus incorporates Article VII impacts on El Vado Reservoir 
storage in each time step, is important for an accurate analysis of increased 
conservation storage opportunities in El Vado Reservoir.  

San Juan-Chama Project Accounts 
In addition to storage of native water for a variety of different uses, El Vado 
Reservoir is also used in current runs to store San Juan-Chama Project–MRGCD 
and San Juan-Chama Project–Combined water. Releases of San Juan-Chama 
Project water from all reservoirs in URGSiM are flagged by ownership and 
destination, and El Vado Reservoir bypasses any San Juan-Chama Project 
releases from Heron Reservoir not destined for storage in El Vado Reservoir. 
San Juan-Chama Project–MRGCD and San Juan-Chama Project–Combined water 
is moved from Heron Reservoir to El Vado Reservoir when there is storage space 
available in El Vado Reservoir (up to a static user input maximum allowed 
volume). In the current URGSiM runs, up to 63,000 acre-feet of San Juan-Chama 
Project–MRGCD water, and 5,000 acre-feet of San Juan-Chama Project–
Combined water can be stored in El Vado Reservoir. San Juan-Chama Project 
water is moved from El Vado Reservoir to Abiquiu Reservoir if El Vado 
Reservoir is at or above 75 percent of capacity and there is room for storage of the 
water in Abiquiu Reservoir. 
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Other reservoirs in URGSiM used to store San Juan-Chama Project water besides 
Heron Reservoir and El Vado Reservoir include Abiquiu Reservoir where 
San Juan-Chama Project-ABCWUA, San Juan-Chama Project-Combined, and 
San Juan-Chama Project water leased by Reclamation are stored, and Cochiti 
Reservoir, where San Juan-Chama Project-Cochiti Recreation Pool water is used 
to replace evaporative losses to the recreation pool. The San Juan-Chama Project -
ABCWUA water is released from Abiquiu Reservoir to pay back groundwater 
pumping induced river leakage, or for direct diversion in Albuquerque. The 
groundwater payback portion (also known as “letter” water) used in this model 
depends on the model scenario being evaluated, and can either be calculated by 
URGSiM, or be based on external projections. In addition to letter water, San 
Juan-Chama Project -ABCWUA water is released from Abiquiu Reservoir if 
available at each timestep up to ½ of ABCWUA total demand, or ½ of the 
diversion capacity, whichever is smaller. The ½ factor is a result of ABCWUA 
being allowed to divert an equal amount of native water with the San Juan-Chama 
Project water, and the native water is then returned to the river as wastewater. 
 
Putting this all together, when irrigation demands below Cochiti Reservoir 
(shown in Table 23) are satisfied by Rio Grande flows, El Vado Reservoir is 
operated to capture all native inflows that are physically possible and legally 
allowed in excess of demand. Anything that cannot be physically stored within 
the defined capacity of the reservoir is passed through. The reservoir capacity for 
these runs was determined by the maximum conservation storage pool elevations 
of 6902, 6903, or 6904.22 feet (Project Datum), translated to volumes using the 
2007 ACAP tables for El Vado Reservoir. If native Rio Grande flows are not 
sufficient to cover irrigation demands below Cochiti Reservoir, first native 
MRGCD water and then San Juan-Chama Project – MRGCD water is released 
from El Vado Reservoir as available. When that water is gone, MRGCD-owned 
San Juan-Chama Project water is released directly from Heron Reservoir.  
 
 

Table 23.—Irrigation Demand (cfs) at Cochiti Reservoir, 
Including Prior and Paramount Demands 

Feb 0 Mar 400 Apr 700 
May 900 Jun 925 Jul 925 
Aug 900 Sep 700 Oct 550 

From URGWOM daily timestep planning model. 

 
 
In addition to meeting demands below Cochiti Reservoir, URGSiM includes a 
user specified minimum winter release from El Vado Reservoir of 15 cfs, and the 
smaller of La Puente inflows or 100 cfs of native water during irrigation season. 
The summer minimum release is to irrigate approximately 5,000 acres of 
agricultural lands along the Rio Chama. 
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III.F.4.  Abiquiu Reservoir Operations 
Abiquiu Reservoir is operated by the USACE primarily as a flood control 
reservoir, though storage of San Juan-Chama Project water, primarily by 
Albuquerque, has become a significant part of operations. Native water is stored 
in Abiquiu Reservoir only temporarily to prevent flows downstream from 
exceeding 1,800 cfs, 3,000 cfs, and 10,000 cfs 1) below the reservoir, 2) at the 
confluence with the Ojo Caliente, and 3) at the confluence with the Rio Grande 
respectively. Stored native flood water is released as quickly as possible within 
the maximum flows listed above, with one exception called carryover storage. To 
ensure that flood waters that would have been largely unused had they not been 
stored are not used to supplement irrigation, if flows in the Rio Grande at Otowi 
are less than 1,500 cfs at any point after July 1 in an irrigation season, then any 
flood water stored during that irrigation season is delivered downstream after the 
irrigation season is over. For modeling purposes, native water is not stored except 
for flood control purposes and is released downstream as soon as possible within 
the constraints of carryover storage. There is some discussion of native water 
storage at Abiquiu Reservoir for stream augmentation purposes in the future, and 
this option is allowed as a user input. The model allows Albuquerque, MRGCD, 
and the Combined contractor to store 130,000, 2,000, and 11,000 acre-feet 
respectively in Abiquiu Reservoir based on URGWOM values (Sidlow personal 
communication 2006). This storage space is used by the contractors as available 
to avoid losses of allocated water in Heron Reservoir at the beginning of each new 
year and vacated first by the contractors when there is need for it downstream. 

III.F.5.  Cochiti Reservoir Operations 
Cochiti Reservoir, like Abiquiu Reservoir upstream, is operated by the USACE 
primarily as a flood control reservoir. The only native storage allowed in Cochiti 
Reservoir is native flood control storage to limit Rio Grande flows between 
Cochiti and Elephant Butte reservoirs to a maximum of 7,000 cfs. This storage is 
temporary and evacuated as quickly as possible subject to the same carryover 
storage requirements described for Abiquiu Reservoir. The only San Juan-Chama 
Project storage allowed in Cochiti Reservoir is that amount necessary to maintain 
approximately 1,200 acres of reservoir area for recreation purposes. The 
5,000 acre-feet per year San Juan-Chama Project allocation to the Cochiti 
Recreation Pool is used to offset evaporative losses to the recreation pool in 
Cochiti Reservoir. Additional storage is disallowed in Cochiti Reservoir in part 
because large storage volumes in the reservoir lead to high leakage with adverse 
consequences to agricultural lands downstream of the dam (e.g., Smith 2001). 

III.F.6.  Jemez Reservoir Operations 
Jemez Reservoir, like Abiquiu and Cochiti reservoirs, is operated by the USACE 
primarily for flood control. The reservoir also acts as a sediment barrier to prevent 
sediment from discharging to the Rio Grande. For model purposes, the only 
storage allowed in Jemez is native flood control to aid in maintaining Rio Grande 
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flows between Cochiti and Elephant Butte reservoirs from exceeding 7,000 cfs. 
Flood storage in Jemez is subject to the same carryover storage requirements 
described for Abiquiu Reservoir. 

III.F.7.  Elephant Butte Reservoir Operations 
Elephant Butte Reservoir is operated by the Elephant Butte Irrigation District 
(EBID) to store water delivered from New Mexico to Texas under the requirements 
of the Rio Grande compact. The water is released for irrigation in southern 
New Mexico and western Texas. The water released from Elephant Butte Reservoir 
(and then Caballo Reservoir) is consumed outside of the model boundary according 
to rules not included in the model. Elephant Butte Reservoir rules are limited to 
flood control and a target release table. The available water up to the target value is 
released for each month. Available water includes water in the reservoir less San 
Juan-Chama Project and New Mexico or Colorado credit water. (Water delivered to 
Elephant Butte Reservoir from upstream in excess of contract obligation.) URGSiM 
release targets from Elephant Butte Reservoir by month are shown in Table 24. 
 
 

Table 24.—Target Releases Used for Elephant Butte and 
Caballo Reservoirs to Determine Releases in Validation 
and Scenario Evaluation Modes (Acre-Feet) 

 Elephant Butte Caballo 

January 23,600 7,500 

February 52,100 28,100 

March 82,700 109,100 

April 102,700 89,500 

May 122,800 101,800 

June 133,000 128,900 

July 117,500 135,100 

August 81,000 107,400 

September 42,100 67,100 

October 14,600 15,500 

November 6,600 0 

December 18,300 0 

Total 797,000 790,000 
 

III.F.8.  Caballo Reservoir Release Rules 
Caballo Reservoir, like the larger Elephant Butte Reservoir just upstream, is also 
operated by EBID. Caballo Reservoir serves largely as additional storage to 
moderate releases from Elephant Butte Reservoir and adds flexibility to EBID 
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operations. There are no irrigation diversions between Elephant Butte and Caballo 
reservoirs, and in many ways, Caballo Reservoir is simply an extension of the 
larger Elephant Butte Reservoir. Release targets used in the model for Caballo 
Reservoir are shown in Table 24.  

III.G.  URGSiM Calibration, Validation and Implications 
on Uncertainty 

URGSiM takes surface water inflows at major gage locations, and calculates mass 
balance based on a historically calibrated representation of reaches and reservoirs. 
Reaches and reservoirs were calibrated by: 
 

1) Using gaged inflow data (mainstem and tributary) during the historic 
period, removing gaged or modeled diversions for agriculture if any. 
 

2) Returning gaged or modeled returns from cities and agriculture if any. 
 

3) Adding modeled groundwater additions or reductions. 
 

4) Subtracting direct evaporation in the case of reservoirs adding direct 
rainfall. 
 

5) Subtracting gaged streamflow at the bottom of the reach, or releases from 
the reservoir.  

 
 
The sum of these terms was taken from years 1975 through 1999. If adding water 
was needed to achieve a 25-year cumulative mass balance, an ungaged surface 
water inflow term was added as a function of a nearby stream gage. If reducing 
water was required, calibration was achieved either by: 
 

• Systematic reduction of gaged inflows (Rio Chama at La Puente, Embudo 
Creek near Dixon, and Rio Puerco near Bernardo) 
 

• Systematic reduction of ungaged inflows (Lobatos to Cerro) 
 

• Increased reservoir leakage (Cochiti Reservoir) 
 

• Decreased carriage water requirements in the conveyance system to 
increase agricultural consumption (San Acacia to San Marcial) 
 

• Increased riparian ET (San Marcial to Elephant Butte Reservoir)  
 
In the case of reservoirs, an error term was added to the reservoir at each 
calibration timestep to assure that the reservoir storage matched historic data for 
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the entire calibration period, and the calibration terms were manipulated until the 
accumulated error term was zero for the 25-year (1975 through 1999) calibration 
period. A summary of calibration methods for each reach or reservoir is shown in 
Table 25. 
 
Starting with an analysis of the reliability of the stream gages upon which 
URGSiM is built, this section provides information on the performance of the 
model as compared to observed values during the calibration and validation 
periods.  

III.G.1.  Observation Uncertainties 
One way to evaluate model performance is to look at errors, or residuals, at points 
of historic observation. The points of observation to which we can compare 
surface water model performance during the calibration period include reservoir 
storage estimates and stream flows at gages interior to the model and not 
immediately below a reservoir (the reservoir is calibrated and measured reservoir 
releases are assumed to be without error). However, the observations themselves 
are not without error. As documented by the USGS (e.g., Miller and Stiles 2006), 
the historic observations of stream flow contain errors and uncertainties from two 
main sources: 
 

• The stability of the stag flow relationship at the gage location. The gage 
measures stream stage and uses a relationship between stage and flow, 
derived from field measurements of flow at various stages, to estimate 
stream flow. However, this relationship can change as the stream bed 
changes due to sediment or vegetation build up. 
 

• The accuracy of the direct measurement of the flow rate. Direct 
measurement of stream flow is done with velocity and depth 
measurements, and a myriad of assumptions as to the velocity profile 
through the two dimensional profile through which flow occurs 
(e.g., Carter and Davidian 1968). 

 
Similarly, the historic estimates of reservoir storage contain errors associated 
with: 
 

• The stability and accuracy of the stag storage relationship of the reservoir. 
This stag storage relationship is estimated based on topographic surveys 
and changes as sediment builds up in the reservoir. 
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Table 25.—Surface Water Calibration Methods and Magnitude of the Calibration Term for URGSiM Reaches and Reservoirs 

Reach or Reservoir Calibration Term Gage Used Factor Used 

Average 
Magnitude  
1975-1999 

(cfs) 
Chama: SJC Diversions to Azotea none none none 0 
Chama: Willow Creek to below Heron Ungaged SW inflow Chama near La Puente 6.8% summer only 26 
Chama: Below Heron to below El Vado Gaged SW reduction Chama near La Puente 35% of flow > 2000 cfs -17 
Chama: Below El Vado to Abiquiu Ungaged SW inflow Ojo Caliente near La Madera 35% summer only 25 
Abiquiu Reservoir Ungaged SW inflow Jemez River near Jemez 54% 48 
Chama: Below Abiquiu Res. to Chamita Ungaged SW inflow Ojo Caliente near La Madera 3.5% summer only 3 
Colorado Index Gages to Lobatos none none none 0 
Lobatos to Cerro Ungaged GW reduction none 38 instead of 39cfs -1 
Cerro to Taos Junction Bridge Ungaged SW inflow Rio P. de Taos below Los Cordovas 62% summer only 42 
Taos Junction Bridge to Embudo Gaged SW reduction Embudo Creek near Dixon 23% of flow > 200 cfs -7 
Embudo to Otowi Ungaged SW inflow Rio Nambe below Reservoir 47cfs base + 120% summer gage 63 
Otowi to below Cochiti Reservoir Reservoir leakage NA none -31 
Below Cochiti Reservoir to San Felipe Ungaged SW inflow Galisteo Creek below Galisteo Dam 156% 9 
Jemez: Jemez Pueblo to below Reservoir Ungaged SW inflow Jemez River near Jemez 52% of flows up to 200 cfs only 36 
San Felipe to Albuquerque Ungaged SW inflow N Floodway Channel near Alameda 92% 36 
Albuquerque to Bernardo Ungaged SW inflow Tijeras Arroyo & S Div Channel 165% 2.5 
Bernardo to San Acacia Gaged SW reduction Rio Puerco near Bernardo 36% reduction -12 
San Acacia to San Marcial Carriage Water none 11% instead of 15% NA 
San Marcial to below Elephant Butte Riparian ET none none NA 
Below Elephant Butte to below Caballo Ungaged SW inflow Caballo Reservoir Precipitation Caballo Res Precip * 26,000 acres 34 
SJC is San Juan-Chama Project 
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• The accuracy of the measurement of stage in the reservoir. This is 
presumably a relatively easy measurement that can be done quite 
accurately; however, it is a point measurement that is assumed to represent 
the entire reservoir, and the sensitivity of the volume estimate to small 
changes in stage is significant. 

 
Ideally, the model residuals during calibration will be normally distributed about 
zero and be comparable to the distribution of uncertainty associated with the 
observations themselves, which should also be distributed normally about zero.  
 
The accuracy of the stream gages will be evaluated here from two perspectives: 
 

• According to USGS ratings of the gages, The USGS, in its annual water 
data reports (e.g., Miller and Stiles 2006), rates each gage during a given 
water year as excellent, good, fair, or poor when 95 percent of gage 
estimates are thought to be within 5 percent, 10 percent, 15 percent, or 
more than 15 percent of the true value respectively. If we assume that 
when a gage is rated as poor, 95 percent of the gage estimates are within 
50 percent of the true value, we can assign quantitative 95 percent 
confidence intervals to the calibration gages in the model during the 1975 
through 1999 historic period. Based on the USGS ratings, the best gage 
during the calibration period is the Rio Grande gage below Taos Junction 
Bridge (Table 3) which was predicted to have been within 9 percent of the 
actual stream flow 95 percent of the time between 1975 and 1999. The 
worst gage was the Rio Grande Floodway gage near San Acacia 
(Table 3), which was estimated to be within only 36 percent of the actual 
stream flow 95 percent of the time. Values for calibration gages are 
shown in Table 26, along with values estimated based on field based flow 
measurements as described below. 

 
The distribution of uncertainty associated with stream gages can also be 
inferred by comparing stag based flow estimates to velocity-area-based 
flow estimates used to calibrate the stag flow relationship at a given gage. 
(A similar approach could be used for reservoir storage estimates by 
comparing the stage based estimate to a more direct measurement using 
gravity changes for example; however, the author is not aware of any 
such direct measurements associated with the reservoirs within the model 
extent.) Initial gage error distribution estimates were developed for the 
1975 through 1999 period by plotting stage versus measured flow for all 
field measurements at the calibration gage locations from 1975 through 
1999. Error was assumed to be equal to the difference between the 
measured values and a single best fit rating curve. This method led to  
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Table 26.—95 Percent Confidence Intervals for Calibration Gages (Table 3) 

 USGS Inferred  
95% Confidence Interval 

Volume Shift Method Estimated 
95% Confidence Interval 

Calibration Gage 1975-99 1975-99 

RG Cerro 13% 14% 

RG Taos Bridge 9% 10% 

RG Embudo 10% 16% 

Chama above Abiquiu 11% 31% 

Chama Chamita 10% 100% 

RG Otowi 10% 20% 

RG San Felipe 12% 23% 

RG Albuquerque 11% 47% 

RG Bernardo 30% 63% 

RG San Acacia 36% 204% 

RG San Marcial 25% 100% 

95% of the time, the gage estimate is expected to be within x percent of the true stream flow. For example, the 
USGS reports suggest that the gage on the Rio Grande at Cerro was within 13%of the actual stream flow 95% 
of the time, while the volume shift method suggests 14 percent for the same gage. 
RG = Rio Grande 

 
 
very large errors and may have overestimated gage error by not 
incorporating incremental adjustments to the rating curve made by USGS 
technicians through time. 

• Comparing the predicted flow at a gage (based on stream stage) on 
dates when that flow was measured more directly in the field by 
USGS technicians. A second approach was developed based on the shift 
adjustments made to the stag flow relationship after each field based flow 
estimate from 1975 through 1999. The shift adjustment (in units of 
length) was converted to a volume adjustment with the slope of the best 
fit stag flow relationship at the measured flow. The resulting volume 
adjustment represents the gage error associated with that field 
measurement, assuming that the field measurement is completely 
accurate. This method should represent a low end approximation of the 
gage error distribution at a given gage, however, as shown in Table 26 
and Figure 38, the resulting 95 percent confidence intervals implied by 
the “volume shift method” are far larger for most gages than those 
implied by the USGS ratings.  
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Figure 38.—Stage and discharge relationships based on 1975-1999 field 
measurement at gage locations along the Rio Grande near Cerro and Albuquerque 
(It is clear that the Albuquerque gage has a less stable relationship between stage 
and discharge through time than the Cerro gage, and thus is presumably less 
reliable. The volume shift adjustment method of gage uncertainty predicts this 
difference, while the USGS gage ratings do not (Table 26). 
 
 
The two methods agree very well for the gages at Cerro and Taos Bridge but are 
disparate for most of the other gage locations. If we again consider (as discussed 
above) that the uncertainty is a function of the stability of the flow stage 
relationship and the accuracy of direct measurement, and we assume that the 
direct measurement accuracy is similar for all stream locations within the model, 
then it is difficult to believe, as suggested by the USGS inferred ratings, that the 
gage on the Rio Grande at Albuquerque, a sometimes braided river channel 
characterized by a sandy, moving bed can be more accurate than the gage at 
Cerro. Figure 39 shows flow versus stage relationships for field measurements at 
each gage between 1975 and 1999 to reinforce this point. It seems that the volume 
shift adjustment method may provide more reliable (though less optimistic) 
estimates of gage reliability. 
 

Stage to discharge relationships along the Rio Grande near Cerro 
and at Albuquerque measured between 1975 and 1999
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Figure 39.—Accuracy range of a given gage 1975-99 as a function of the 
percentage of readings within that range (volume adjust method). The better a 
gage, the further left it will plot on this figure. According to USGS ratings, the gage 
below Taos Junction Bridge, and near Cerro, would rate as “good” and “fair” 
respectively, while all other gages would rate as “poor”. 
 
 
With the exception of the gage below Taos Junction Bridge, and near Cerro, 
which rate as “good” and “fair” respectively, all of the gages in Table 26 merit 
USGS “poor” ratings for 1975 through 1999 based on the volume shift adjustment 
method. This result is shown graphically in Figure 39. The USGS gage network is 
an impressive resource that is invaluable to hydrologic science, and this study 
(among others) would not have been possible without it. The quantitative meaning 
associated with the USGS ratings of their gages may be infrequently scrutinized 
or relied upon in other calculations, but the estimates of gage uncertainty 
published by the USGS seem optimistic. In their defense, to consider estimates of 
discharge on a variable and sediment dominated stream as “poor” if they are not 
within 15 percent of the actual value 95 percent of the time may not be realistic. 

III.G.2.  Calibration Residuals 
The distribution of calibration residuals (historic observation less model value) for 
URGSiM modeled flows at gaged locations within the model extent (Table 3) for 
each month from 1975 through 1999 are shown in Figure 40 through Figure 50. In  

Gage uncertainty 1975-99 for calibration gages based on the volume 
adjust method, with USGS ratings scale included.
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Figure 40.—Model residual (observed – modeled) distribution for the surface 
water gage on the Chama above Abiquiu Reservoir (USGS Gage ID 8286500) 
for the 1975 through 1999 calibration period. Ideally, modeled residuals are 
normally distributed tightly about zero. 
 
 

 
Figure 41.—Model residual (observed – modeled) distribution for the surface 
water gage on the Chama near Chamita (USGS Gage ID 8290000) for the 1975 
through 1999 calibration period. 
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Figure 42.—Model residual (observed – modeled) distribution for the surface 
water gage on the Rio Grande near Cerro (USGS Gage ID 8263500) for the 1975 
through1999 calibration period. 
 

 
Figure 43.—Model residual (observed – modeled) distribution for the surface 
water gage on the Rio Grande below Taos Bridge (USGS Gage ID 8276500) for 
the 1975 through 1999 calibration period. 
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Figure 44.—Model residual (observed – modeled) distribution for the surface 
water gage on the Rio Grande at Embudo (USGS Gage ID 8279500) for the 
1975 through1999 calibration period. 
 

 

Figure 45.—Model residual (observed – modeled) distribution for the surface 
water gage on the Rio Grande at Otowi (USGS Gage ID 8313000) for the 1975 
through 1999 calibration period. 
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Figure 46.—Model residual (observed – modeled) distribution for the surface water 
gage on the Rio Grande at San Felipe (USGS Gage ID 8319000) for the 1975 
through 1999 calibration period. 
 

 
Figure 47.—Model residual (observed – modeled) distribution for the surface 
water gage on the Rio Grande at Central Avenue in Albuquerque (USGS Gage 
ID 8330000) for the 1975 through 1999 calibration period.  
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Figure 48.—Model residual (observed – modeled) distribution for the surface 
water gage on the Rio Grande floodway at Bernardo (USGS Gage ID 8332010) 
for the 1975 through 1999 calibration period. 
 

 

Figure 49.—Model residual (observed – modeled) distribution for the surface 
water gage on the Rio Grande floodway at San Acacia (USGS Gage ID 8354900) 
for the 1975 through 1999 calibration period.  
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Figure 50.—Model residual (observed – modeled) distribution for the surface water 
gage on the Rio Grande floodway at San Marcial (USGS Gage ID 8358400) for the 
1975 through 1999 calibration period. 
 
 
general, model performance degrades as distance downstream increases. This 
is a combination of increases in system complexity with distance downstream, 
and the decreases in gage accuracy seen in Table 26 and Figure 39 that result 
from shifting channel geometries associated with sand-dominated riverbeds 
characteristic of lower reaches. Storage residuals for the seven reservoirs 
within the model extent for the same time period are shown in Figure 51 
through Figure 57. Figure 58 shows the cumulative distribution of the reservoir 
residuals, and shows clearly that Elephant Butte Reservoir residuals are the 
largest, and Jemez residuals the smallest. Figure 59 shows the cumulative 
distribution of the reservoir residuals normalized to the capacity of each reservoir. 
Caballo Reservoir is the most poorly modeled reservoir from a percent of capacity 
perspective, while the other reservoirs are tightly clustered. Abiquiu Reservoir 
residuals are small as a percent of capacity, due to a large—but typically 
unused— capacity.  
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Figure 51.—Model residual (observed – modeled) distribution for storage in Heron 
Reservoir for the 1975 through 1999 calibration period. 
 
 

 
Figure 52.—Model residual (observed – modeled) distribution for storage in  
El Vado Reservoir for the 1975 through 1999 calibration period. 
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Figure 53.—Model residual (observed – modeled) distribution for storage in 
Abiquiu Reservoir for the 1975 through 1999 calibration period. 
 
 

 
Figure 54.—Model residual (observed – modeled) distribution for storage in Cochiti 
Reservoir for the 1975 through 1999 calibration period. 
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Figure 55.—Model residual (observed – modeled) distribution for storage in Jemez 
Reservoir for the 1975 through 1999 calibration period. 
 
 

 
Figure 56.—Model residual (observed – modeled) distribution for storage in 
Elephant Butte Reservoir for the 1975 through 1999 calibration period. Elephant 
Butte Reservoir is a significantly larger reservoir than other modeled reservoirs, 
thus the different bin ranges (x-axis). Ideally, modeled residuals are normally 
distributed tightly about zero. 
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Figure 57.—Model residual (observed – modeled) distribution for storage in 
Caballo Reservoir during 1975 through 1999 calibration period.  
 
 

 
Figure 58.—Cumulative distribution of monthly reservoir storage residuals shown 
in Figure 51 through Figure 57. The graph shows the percent of monthly storage 
residuals (y-axis) whose absolute value is within a given volume (x-axis). 
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Figure 59.—Cumulative distribution of monthly reservoir storage residuals 
normalized to reservoir capacity. The graph shows the percent of monthly storage 
residuals (y-axis) whose absolute value is within a given percent of the individual 
reservoir capacity (x-axis). 

III.G.3.  Validation Residual Analysis for Stream Flow Observations 
After the 1975 through 1999 calibration period, the model is run in validation 
mode from 2000 through 200413. In validation mode, input gages (river reaches 
begin either at an input gage for headwater reaches or at a calibration gage 
marking the end of the reach above). Input gages are listed in Table 2, and 
calibration gages in Table 3. Input gages are located on the model boundary and 
provide inflows to the top of headwater reaches as well as tributary inflows to 
reaches throughout the system. Calibration gages are stream gages at the end of 
river reaches that are internal to the model extent and that have continuous 
historic records (starting no later than 1975). At the calibration gages, modeled 
values can be compared to observed values during the historic period.  
 
Climate data are fed with historic observations. Irrigated and riparian acreages are 
set to 1999 values. River diversions upstream of Cochiti Reservoir are set to twice 
modeled agricultural ET demand, with half of the diversion returning to the river. 
River diversions downstream of Cochiti Reservoir are set to monthly average 
values from 1975 through 1999 up to the amount of water available, and reservoir 
releases are based on either historic observations or rules, depending on the 
analysis. Validation results presented first are for historic reservoir releases. 
                                                
     13 This analysis was done in 2006. URGSiM is now (as of 2013) run in validation mode 
through 2009. An updated validation analysis is overdue. 
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Validation residuals are the observed – modeled values at internal observation 
points during the 2000 through 2004 period. As shown in Figure 60, hydrologic 
conditions during the 2000 through 2004 validation period were significantly drier 
than those of the 1975 through 1999 calibration period. In fact, total flow at Otowi 
during the five years used for validation was less than for any five year period 
from 1975 through 2004, suggesting this is not a representative validation period. 
This may lead to worse model performance during the validation period than 
might be expected from a more average series of years.  
 

 
Figure 60.—Gaged annual flows at Otowi bridge 1975 through 2004.  
 
 
Figure 61 compares estimated gage uncertainty with calibration and validation 
residuals (historic observation value less modeled value). 
 
Four important results can be drawn from Figure 61: 
 

• For most gage locations, the estimated gage uncertainty (left-most bar) is 
comparable to the calibration residuals (middle bar). This suggests, that 
for the reaches above these gages the model is limited most significantly 
by the quality of the historic observations (during calibration, the flows at 
interior gages (Table 3) are reset to match historic observations). 
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Figure 61.—Comparison of expected gage accuracy (left bar) to calibration and 
validation residuals (observed – modeled) for calibration gages. 
 
 

• In three locations, the calibration residuals are significantly smaller than 
the estimated gage uncertainty: 
 

o Along the Rio Grande in Albuquerque 
o Near Bernardo 
o Near San Marcial 

 
In the reaches above these gages, the model could likely be improved 
without significant improvements to gage data. The reason that the model 
performance is relatively poor in these reaches may be because the three 
reaches hold about 80 percent of the agricultural area and 65 percent of 
riparian area contained in the model. The demand in these reaches 
dominates the mass balance. Future model improvements should start 
with the agricultural system in these reaches. 
 

• For all gages above Albuquerque, validation residuals are comparable to 
calibration residuals and gage uncertainty estimates, suggesting a 
reasonable model of the physical system.  
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• With the exception of the Bernardo gage, there is significant variation 
between calibration and validation residuals from Albuquerque down. As 
described previously, water can flow past these points in the river, or in 
agricultural conveyance structures. The operation of these structures, 
especially the LFCC has changed through time since 1975, and one might 
expect that the model is capturing the overall mass balance, but not the 
relative amounts of water in the river as compared to the agricultural 
conveyance system. However, Figure 62 shows the river-only residuals 
from Figure 61 compared to the total residuals for water moving past the 
gage locations below Cochiti Reservoir, and it can be seen that with the 
exception of San Marcial, the total residuals mimic the qualitative trends 
seen in the river-only residuals. The discrepancies between calibration 
and validation residuals at Albuquerque, San Acacia, and San Marcial are 
likely the result of a combination of gage uncertainty, model error, and an 
unrepresentative validation period. 

 
The poorest model performance determined by validation residuals from 
Figure 61 and Figure 62 is for total flow past San Marcial, where only 15 percent 
of total flows modeled are within 100 cfs of total flows measured. Figure 63 
shows the modeled flow and observed flows at San Marcial from 2000 through 
2004. The model consistently overestimates flows, perhaps due to underestimated 
losses, gage errors, or significant flow under the largely dry sandy river 
sediments. Agricultural diversions may be limited more by water availability in 
the model than they were in practice. Regardless of the reason, however, the 
model still tracks the overall system behavior to a reasonable degree—a degree 
that is reasonable for basin scale multi-decadal scenario analysis. 
 
To clarify residual discussion and separate reach effects from reservoir release 
rule effects, discussion to this point have been for a validation run in which 
reservoir releases were set to observed. A validation run more representative of 
scenario conditions is one in which reservoir releases are predicted within the 
model by the rules. In such a case, the model runs with only observed input flows 
and climate conditions, representing a scenario condition with known inputs. 
Figure 64 shows validation residuals at flow observation points for the pure 
validation run, and also includes the validation residuals for the run with observed 
reservoir releases for comparison (as shown in Figure 62).  
 
Because there are no reservoirs within the model extent along the Rio Grande 
above the Rio Chama, Rio Grande confluence, the residuals at the Rio Grande at 
Cerro (RG Cro), Taos Junction Bridge (RG TB), and Embudo (RG Emb) are not 
affected by reservoir behavior. The Rio Chama gage above Abiquiu Reservoir 
(C aAb) is below two modeled reservoirs, the Rio Chama gage near Chamita 
(C Cta) and Rio Grande gage at Otowi (RG Otw) are downstream of three 
modeled reservoirs, and the other calibration locations shown in Figure 64 are  
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Figure 62.—Calibration and validation residuals (observed – modeled) for the river 
only (left 2 bars) and the total river and conveyance system flow for locations with 
significant non-river flow. 

 
 
 

Figure 63.—Modeled and observed surface water flows past San Marcial 2000-2004. This is 
the poorest performing observation point in the validation run, with modeled flows within 
100 cfs of observed flows only 15 percent of the time. Even so, system behavior is tracked 
to a reasonable degree. 
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Figure 64.—Comparison of validation residuals from the monthly model for a 2000-
2004 run with observed reservoir releases, and a 2000 through 2004 run with 
modeled reservoir releases. Gages located below reservoirs but above the major 
consumptive use in the middle valley are most affected by errors in modeled 
reservoir releases.  
 
 
downstream of four modeled reservoirs. Clearly, the Rio Chama gages and the 
Otowi and San Felipe (RG SFp) gages along the Rio Grande are the most affected 
by the inability of the model to predict reservoir releases. The gages along the 
Rio Grande from Albuquerque (RG Alb) down are essentially unaffected by the 
different reservoir releases upstream. This is partly due to the 100 cfs threshold 
becoming more significant as flows are reduced downstream, and also may be a 
result of the validation period being a dry period during which the consumptive 
uses in the middle valley are limited by water in both model runs, with flows thus 
reduced to similar levels based on allowable use. 

III.G.4.  Validation Residual Analysis for Reservoir Storage 
Observations 

Stream flow residuals at a given observation point during the validation period 
reflect total model error for all points upstream (to any point where flows are set 
to observed) plus observation error at a given timestep. Reservoirs, on the other 
hand, are hydrologic memories for inflows and outflows, and thus accumulate 
upstream errors associated with the model through time. For this reason, reservoir 
residuals (distributions shown in Figure 51 through Figure 57) are added to the 
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reservoirs at each timestep during calibration, essentially as an error inflow 
(positive or negative) to keep the modeled reservoir storage the same as the 
observed. During validation, however, the residuals are not added back to the 
reservoir, and errors accumulate as a result. Validation residuals are thus not a 
particularly useful metric for quantifying model behavior. Because reservoir 
storages are one of the most important observation metric in the system, however, 
calibration and validation residuals for the seven modeled reservoirs are included 
in Figure 65, but discussion of these residuals will be limited.  
 

 
Figure 65.—Comparison of reservoir storage residuals for the 1975 through 1999 
calibration period with those from the 2000 through 2004 validation run with 
observed or modeled reservoir releases. Error accumulation in the reservoirs 
during the validation run limits the usefulness of validation residuals as a quality 
metric for modeled reservoirs. 
 
 
Heron Reservoir is on the model boundary, and thus reservoir inflows are the 
same in both validation runs—resulting in better reservoir history matching when 
reservoir releases are set to historical. 
 
El Vado Reservoir validation behavior appears to be limited by overestimated 
inflows or underestimated reservoir losses during the validation period, as shown 
in Figure 66. Inflows are not significantly reduced by the La Puente flow 
reduction calibration method which results in less than 2,000 acre-feet total 
reduction to LaPuente flows during the validation period. 
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Figure 66.—El Vado Reservoir storage during the 2000 through 2004 validation 
period. The model appears to overestimate reservoir inflows or underestimate 
reservoir losses during validation. 
 
 
Abiquiu Reservoir inflows are a strong function of El Vado Reservoir releases 
resulting in better reservoir history matching when reservoir releases are set to 
historical.  
 
Both Cochiti and Jemez reservoirs are operated primarily as flood control 
reservoirs with target storages, and thus match observed storages better when 
releases are modeled and reservoir volume is maintained near the target volume 
rather than when releases are forced to observed releases while inputs determined 
in the model. 
 
As seen in Figure 67, Elephant Butte Reservoir behavior is matched well by the 
model during the validation period when releases are set to observed values. This 
is an encouraging result because it suggests that modeled inflows (determined 
by overall model behavior upstream, effectively representing overall model 
performance) and reservoir dynamics are modeled fairly well. Modeled releases 
from Elephant Butte Reservoir are likely greater than observed releases due to 
errors in modeling of the Rio Grande Compact discussed in the reservoir rules 
section.  
 
Validation residuals for Caballo Reservoir seen in Figure 65 are better for 
modeled releases than for observed. This is surprising—considering Caballo 
Reservoir inflows are a strong function of Elephant Butte Reservoir releases. This 
is a perfect example of the relative lack of value associated with storage residuals 
as a measure of model quality. Figure 68 shows that when reservoir releases are 
specified, Caballo Reservoir modeled storage values track the overall observed  
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Figure 67.—Elephant Butte Reservoir storage during the 2000 through 2004 
validation period. The model tends to overestimate reservoir releases, but modeled 
reservoir behavior is very close to observed when reservoir releases are set to 
observed values. Modeled releases are overestimated due to over estimated 
inflows (see Figure 63). 
 
 

 
Figure 68.—Caballo Reservoir storage during the 2000 through 2004 validation 
period as observed and modeled with observed releases from Elephant Butte and 
Caballo reservoirs. The model tends to overestimate storage as a result of errors in 
modeled inflows that are propagated through time. 
 
 
trend very closely, but are consistently high. This may be partially a result of 
occasional but systematic overestimates of ungaged surface water inflows to the  
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river reach above Caballo Reservoir. Because of reservoir memory, the errors are 
propagated through time, resulting in a poor reservoir storage residual distribution 
for model behavior that is actually reasonably good.  

Because of the limitations associated with reservoir storage residuals discussed 
above, the discussion in this section is intended as a cursory overview of modeled 
reservoir storage compared to observed storage during the calibration and 
validation periods.  

III.H.  URGSiM Reach Specific Information and 
Descriptions 

The San Luis Valley along the Rio Grande in Colorado, and the San Juan-Chama 
Project diversions (also in Colorado) are two reaches modeled in URGSiM based 
on legal frameworks, restricted in the second case by engineered diversion and 
tunnel capacities. These reaches do not fit the reach framework laid out earlier in 
this document, and so are described individually here. 

III.H.1.  San Juan-Chama Diversions to Azotea Tunnel Outlet 
Figure 69 shows the relative location and capacities used in URGSiM for the San 
Juan-Chama Project diversions and tunnels. 
 
As can be seen in Table 25, no calibration is needed for the San Juan-Chama 
Project diversions to Azotea Tunnel outlet. The San Juan-Chama Project 
diversions are modeled by calculating the maximum diversion physically possible 
through the sequence of three diversions and three tunnels, without violating 
minimum flow requirements downstream of the diversion points. Minimum flows 
required downstream of the diversions are shown in Table 27. The maximum 
tunnel flow is then limited, if necessary, based on available storage in Heron 
Reservoir, and a cumulative ten-calendar-year legal diversion limit of 1.35 million 
acre-feet.14.URGSiM simulates these diversions and tunnels year round, while in 
reality, they are shut down during the winter once ice begins to form on diversion 
structures. 
 
Once on the Rio Chama side of the continental divide, the San Juan-Chama 
Project water is stored in Heron Reservoir on Willow Creek until being released 
for storage or use downstream. 
                                                
     14 A 270,000 acre-feet per year legal limit is not included in URGSiM. In firm yield analysis 
of potential maximum diversions through Azotea Tunnel for 1935 through1997, in only  
3 of the 63 years were potential diversions greater than 200,000 acre-feet per year, (1941, 1985, 
1986) and the largest, in 1941 was 230,100 acre-feet per year ( Reclamation 1999). Thus, a 
diversion of 270,000 acre-feet per year is hydrologically unlikely. This annual limit will be 
incorporated into future versions of URGSiM. 
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Figure 69.—Location and capacities of San Juan Chama diversions and tunnels.  
 
 
Comparisons of simulated15 and observed tunnel flows during the historic period 
are shown in Figure 70. When Heron Reservoir is not full, agreement between 
historic simulated and observed annual volumes moved through the tunnels is 
excellent, with a reduction in the quality of the match when Heron Reservoir is 
close to full, but still very good agreement. The cumulative simulated flow 
through Azotea Tunnel from 1975-2008 is within 2 percent of the measured 
value.  
 
 

 
                                                
     15 For this comparison, Heron Reservoir releases are set to historic values, but all other aspects 
of reservoir behavior, including all inflows, are simulated. No error term is added to the reservoir 
to force simulated storage to historic. 
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Table 27.—Minimum Flow Requirements below the Three San Juan Basin 
Diversions into San Juan-Chama Project 

Minimum Flow Requirements Downstream of the San Juan Basin Diversions (cfs) 

Diversion Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Blanco 15 15 20 20 40 20 20 20 20 20 20 15 

Little Oso 4 4 4 4 27 27 27 27 27 4 4 4 

Oso 30 34 37 88 55 55 55 55 55 37 37 37 

 
 
 

Figure 70.—Simulated (thin blue line) and observed (green line) flows through 
Azotea tunnel from 1975 through 2008. Years in which there was some limitation to 
potential tunnel flows because Heron Reservoir was full are indicated in red at the 
top of the figure. 

III.H.2.  Compact Index Gages to Lobatos 
URGSiM assumes Rio Grande Compact compliance by Colorado to calculate 
monthly Rio Grande flows into New Mexico.  

Colorado Delivery Obligations Pursuant to the Rio Grande Compact 
Colorado’s delivery obligations under the Rio Grande Compact are based on 
naturalized (actual flow impacts due to trans-basin diversions and reservoir 
storage are removed) annual flows at four gages defined as “Colorado index 
gages” which occur above the majority of consumptive use in Colorado: 
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• Rio Grande River near Del Norte  
• Conejos River near Mogote 
• San Antonio River at Ortiz 
• Los Pinos River near Ortiz 

 
The naturalized annual flows at these gages are used to calculate an annual 
delivery requirement at the Rio Grande near Lobatos, Colorado, stream gage 
based on tables included in the Rio Grande Compact. URGSiM calculates the fate 
of water in the San Luis Valley by assuming Rio Grande Compact compliance by 
Colorado for required deliveries to New Mexico. This assumption is based on 
current active management of the river system in Colorado for Compact 
compliance first, followed by priority administration of water available beyond 
the estimated Rio Grande Compact requirement (Boroughs 2010). This strategy 
has been effective in maintaining Colorado’s Compact balance close to zero since 
1985 as seen in Figure 71. 
 

 
Figure 71.—Colorado’s Rio Grande Compact compliance 1985 through 2011. 
Colorado was not ever in a debit situation between 1985 and 2011. Note the 
scale: from 1985 through 2008, flows at Lobatos (delivery to New Mexico) 
averaged approximately 350,000 acre-feet per year, thus a credit that varies 
between 0 and 70,000 acre-feet per year for these average flows is relatively 
close to zero. 

Rio Grande Compact Annual Requirements to Model Monthly Flow at 
Lobatos 
In practice, the difficulty of using the Rio Grande Compact to specify flows at 
Lobatos, is the same challenge faced by operators in Colorado, namely predicting 
how much water will pass the four Colorado index gages by the end of the year. 
Operators use estimates of snowpack and analysis of what has come down the 
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river so far, to make an estimate about every 10 days (Boroughs 2010), as to what 
fraction of flow should be curtailed to meet the Rio Grande Compact 
requirements as closely as possible at the end of the year.  
 
URGSiM, with a monthly timestep, uses the average percent of annual flow 
occurring each month to estimate remaining supply and remaining obligation and 
deliver accordingly. This includes applying average increases or decreases to 
winter flows which are not diverted at all. Figure 72 shows how average annual 
flows at the four Colorado index gages accumulate through the year. The index 
flows on the San Antonio, Los Pinos, and Conejos rivers are all used to determine 
delivery requirement for the Conejos system, and are summed in Figure 72 and 
Figure 73. 
 

 
Figure 72.—Average index supply distribution, cumulative by month, for 
the Rio Grande near Del Norte, and the three Conejos system gages 
based on 1940 through 2009 data. 

 
 
Using the information in Figure 72 and tracking what has come down the river so 
far in the simulation year, URGSiM estimates the end of year supply and thus the 
end of year obligation.  
 
During irrigation season, URGSiM delivers the ratio of estimated remaining 
obligation to estimated remaining supply. For example, if the estimated remaining  
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Figure 73.—Average non-irrigation season river system delivery through the San 
Luis Basin as a percent of monthly index supply for the Rio Grande and Conejos 
River systems, based on 1940 through 2009 gage data. 

 
 

obligation is 50 percent of the predicted remaining supply, URGSiM will deliver 
50 percent of the four Colorado index gage flows for the month downstream to 
Lobatos. 

During non-irrigation months (November through March), URGSiM delivers 
based on historic behavior of the system between the Index gage locations and the 
delivery point. Figure 73 shows the average non-irrigation season delivery for 
each river system from 1940-2009 as a percent of the monthly index supply. For 
Conejos Rover, the delivery point is above the confluence with the Rio Grande at 
two gages near La Sauses, Colorado. For the Rio Grande, the delivery point is the 
Lobatos gage, and the delivery amount is the flow gaged near Lobatos less the 
Conejos flow gaged near La Sauses.  
 
Figure 74 summarizes the approach, which is to use the ratios shown in Figure 73 
during non-irrigation season, and the ratio of estimated remaining obligation to 
estimated remaining supply during irrigation season. Finally, to reduce oscillatory 
behavior, especially early in the irrigation season where year-end predictions are 
poor, URGSiM does not change the percent of the four Colorado index gage 
flows arriving at Lobatos by more than 5 percent per month. So in this example, 
where 50 percent of the four Colorado index gage flows are delivered downstream 
in one month, then in the next month only 40 percent would need to be sent  
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Figure 74.—Flow chart for determining flows at Lobatos in URGSiM. 

 
 

downstream based on a revised estimated end of year index supply. For this 
delivery obligation, URGSiM would deliver 45 percent of the four Colorado 
index gage flows to Lobatos.  
 
No maximum consumption term for the San Luis Valley is necessary in this 
method because of the structure of the Compact. Once the index supply on the 
Conejos and Rio Grande reach 326,000 and 380,000 acre-feet per year 
respectively, all additional flow must be delivered downstream. Thus, in 
extremely wet years, the implied consumption in Colorado is limited by the 
structure of the Rio Grande Compact itself.  

III.I. Calibration Parameters for URGIA Runs 
 
Much of the documentation and analysis of calibration discussed in this document 
is associated with an older calibration of URGSiM. Table 28 through Table 31are 
designed to allow future modelers to see the calibration that was used for URGIA. 
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Table 28.—Calibration Parameters Related to Groundwater 

Values exported from URGSiM-WWCRA.Hde.5.16.2013 

  
Shallow 

Aquifer Zone 

Ground 
surface 

elevation 
[feet] 

River 
channel 
elevation 

[feet] 

River 
channel 

conductivity 
[feet/day] 

River to 
drain 

distance 
[miles] 

Drain 
Base 

Elevation 

Drain 
conductivity 

[feet/day] 

A
lb

uq
ue

rq
ue

 g
ro

un
dw

at
er

 b
as

in
 

Cochiti1 5,400 5,339 0.2 NA NA 5 

Cochiti2 5,233 5,218 0.5 0.42 5213 5 

Cochiti3 5,169 5,159 0.5 0.53 5154 5 

Jemez1 5,442.5 5,430.5 0.25 NA NA 5 

Jemez2 5,194 5,185 0.25 NA NA 5 

SanFelipe1 5,078.7 5,068 0.5 0.0005 5063 5 

SanFelipe2 4,998.5 4,988 0.5 0.16 4983 5 

SanFelipe3 4,946 4,937 0.11 0.01 4932 5 

AbqBer1 4,928 4,918 0.5 0.08 4913 5 

AbqBer2 4,884.5 4,873 0.5 0.24 4868 5 

AbqBer3 4,830 4,818.5 0.5 0.17 4813.5 5 

AbqBer4 4,770 4,754.5 0.5 0.6 4749.5 5 

SanAcacia1 4,724.5 4,705.5 0.5 1.7 4700.5 5 

So
co

rr
o 

gr
ou

nd
w

at
er

 
ba

si
n 

SA2BDA 4,586 4,583 0.5 3 4570.5 25 

BDA2SM 4,507 4,500 0.5 3 4491 25 

SM2EBGW 4,470.7 4,458 0.5 3 4456 25 
 
 
 

Table 29.—Calibration Parameters Related to Canal 
Leakage 

Values exported from URGSiM-WWCRA.Hde.5.16.2013 

Reach 

Parallel Canal 
Calibration 

Factor 
Cochiti to San Felipe 3 
Jemez to Jemez Canyon Dam 2 
San Felipe to Albuquerque 5 
Albuquerque to Bernardo 4 
Bernardo to San Acacia 16 
San Acacia to San Marcial 8 
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Table 30.—Calibration Parameters Related to Reservoirs 

Values exported from URGSiM-WWCRA.Hde.5.16.2013 
Reservoir Parameter Value 

Heron Heron native inflows factor 6.80% 

El Vado 
La Puente reduction threshold [cfs] 2,000 
La Puente reduction factor 35% 

Abiquiu 
Abiquiu local inflows correlation to Jemez near 
Jemez Pueblo gage 

54% 

Cochiti 
Lake bottom (river bed in 1st shallow aquifer zone) 
conductivity [ft/da] 

0.2 

Jemez 
Jemez local inflow correlation to Jemez near 
Jemez Pueblo gage 

52% 

Jemez local inflow cutoff [cfs] 200 
Elephant 
Butte 

Shallow aquifer surface elevation San Marcial to 
Elephant Butte [ft] 

4471 

Caballo EB to Caballo ungaged effective area [acre] 26,000 
 
 

Table 31.—Calibration Parameters Related to Reaches 
Values exported from URGSiM-WWCRA.Hde.5.16.2013 

Reach Parameter Value 
El Vado to Abiquiu Ungaged correlation to Ojo Caliente @ La Madera 35% 
Abiquiu to Chamita Ungaged correlation to Ojo Caliente @ La Madera 3.5% 

Riparian area [acres] 80 
Lobatos to Cerro None   
Cerro to Taos Junction Bridge Ungaged correlation to Rio Pueblo de Taos near Rio 

Grande 37% 
Taos Junction Bridge to Embudo Embudo Creek high flow threshold [cfs] 200 

Embudo Creek high flow reduction 23% 
Embudo to Otowi Ungaged correlation to Rio Nambe below dam 120% 
Otowi to Cochiti Calibrated with Cochiti Reservoir   
Cochiti to San Felipe Ungaged correlation to Galisteo Creek 156% 

Carriage water 15% 
San Felipe to Albuquerque Ungaged correlation to North Floodway Channel 92% 

Carriage water 15% 
Albuquerque to Bernardo Carriage water 0% 
Bernardo to San Acacia Rio Puerco reduction factor 36% 

Carriage water 15% 
San Acacia to San Marcial Carriage water 14% 
San Marcial to Elephant Butte Calibrated with Elephant Butte Reservoir   

Elephant Butte to Caballo Calibrated with Caballo Reservoir   
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III.J.  Additional Groundwater Data and Results 

Figure 75 through Figure 77 and Table 32 through Table 42 provide additional 
groundwater data and results.  
 

 
Figure 75.—Cumulative fluxes out of the groundwater system to the low flow 
conveyance channel for Rio Grande reaches from San Acacia to Elephant Butte as 
modeled by the coupled monthly timestep model, the URGWOM surface water 
model, and steady state values reported by Shafike (2005). 
 
 
 

 
Figure 76.—Cumulative river leakage for Rio Grande reaches from San Acacia to 
Elephant Butte Reservoir as modeled by the coupled monthly timestep model, the 
URGWOM surface water model, and steady state values reported by Shafike (2005). 
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Figure 77.—Cumulative riparian evaportranspiration for Rio Grande reaches from 
San Acacia to Elephant Butte Reservoir as modeled by the coupled monthly 
timestep model, the URGWOM surface water model, and steady state values 
reported by Shafike (2005). 
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Table 32.—Unit Head Flow Matrix (connectivity and head dependent flow relations) for Zones 1 through 17 of the 51-Zone Albuquerque 
Basin Compartmental Model (ft2/day) 
Zone 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

1 0 3500 0 47721 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 3500 0 1429 0 95882 0 0 0 0 0 0 0 0 0 0 0 0 
3 0 1429 0 0 0 3E+05 0 0 0 0 0 0 0 0 478.9 0 0 
4 47721 0 0 0 31737 0 10520 0 0 0 0 0 0 0 0 0 0 
5 0 95882 0 31737 0 15630 34374 0 3045 0 0 0 0 0 0 0 0 
6 0 0 3E+05 0 15630 0 0 17819 0 16703 0 0 0 0 0 0 0 
7 0 0 0 10520 34374 0 0 6721 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 17819 6721 0 0 0 0 0 1868 14221 0 0 0 
9 0 0 0 0 3045 0 0 0 0 7487 0 0 0 0 0 0 0 

10 0 0 0 0 0 16703 0 0 7487 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 25.53 9790 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 25.53 0 0 25360 737.5 0 0 
13 0 0 0 0 0 0 0 1868 0 0 9790 0 0 2804 0 0 0 
14 0 0 0 0 0 0 0 14221 0 0 0 25360 2804 0 0 0 0 
15 0 0 478.9 0 0 0 0 0 0 0 0 737.5 0 0 0 750.1 0 
16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 750.1 0 3220 
17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3220 0 
18 0 0 0 0 0 7522 0 0 0 0 0 0 0 36728 4E+05 0 0 
19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5E+05 0 
20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3E+06 
21 0 0 0 0 0 0 0 0 0 0 0 0 4247 8160 0 0 0 
22 0 0 0 0 0 0 0 0 0 0 0 0 0 1387 0 0 0 
23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 700 
31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 32.—Unit Head Flow Matrix (connectivity and head dependent flow relations) for Zones 1 through 17 of the 51-Zone Albuquerque 
Basin Compartmental Model (ft2/day) 
Zone 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
35 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
37 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
49 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
51 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 33.—Unit Head Flow Matrix (connectivity and head dependent flow relations) for Zones 18 through 34 of the 51-Zone 
Albuquerque Basin Compartmental Model (ft2/day) 
Zone 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
6 7522 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 4247 0 0 0 0 0 0 0 0 0 0 0 0 0 
14 36728 0 0 8160 1387 0 0 0 0 0 0 0 0 0 0 0 0 
15 4E+05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
16 0 5E+05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
17 0 0 3E+06 0 0 0 0 0 0 0 0 0 700 0 0 0 0 
18 0 13173 0 0 0 0 0 0 1934 5416 0 0 0 0 0 0 0 
19 13173 0 57557 0 5298 0 0 0 0 12161 0 0 0 0 0 0 0 
20 0 57557 0 0 0 0 2092 0 0 0 38966 0 0 0 0 0 21074 
21 0 0 0 0 3991 812.5 0 0 0 0 0 0 0 0 0 0 0 
22 0 5298 0 3991 0 3986 7479 0 0 0 0 0 0 0 0 0 0 
23 0 0 0 812.5 3986 0 0 1050 0 0 0 0 0 0 0 0 0 
24 0 0 2092 0 7479 0 0 5517 0 0 0 0 0 0 0 0 0 
25 0 0 0 0 0 1050 5517 0 0 0 0 0 0 0 0 0 0 
26 1934 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
27 5416 12161 0 0 0 0 0 0 0 0 14399 4016 0 0 0 0 0 
28 0 0 38966 0 0 0 0 0 0 14399 0 2960 0 0 0 0 0 
29 0 0 0 0 0 0 0 0 0 4016 2960 0 0 0 0 0 0 
30 0 0 0 0 0 0 0 0 0 0 0 0 0 1836 0 0 2E+05 
31 0 0 0 0 0 0 0 0 0 0 0 0 1836 0 1612 0 0 
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Table 33.—Unit Head Flow Matrix (connectivity and head dependent flow relations) for Zones 18 through 34 of the 51-Zone 
Albuquerque Basin Compartmental Model (ft2/day) 
Zone 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

32 0 0 0 0 0 0 0 0 0 0 0 0 0 1612 0 952.5 0 
33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 952.5 0 0 
34 0 0 21074 0 0 0 0 0 0 0 0 0 2E+05 0 0 0 0 
35 0 0 0 0 0 0 0 0 0 0 0 0 0 2E+06 0 0 6141 
36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3E+05 0 0 
37 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3E+05 0 
38 0 0 0 0 0 0 10646 0 0 0 0 0 0 0 0 0 78761 
39 0 0 0 0 0 0 0 1049 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 1559 2155 0 0 0 0 16495 
45 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 950.8 0 
49 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
51 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 34.—Unit Head Flow Matrix (connectivity and head dependent flow relations) for Zones 35 through 51 of the  51-Zone 
Albuquerque Basin Compartmental Model (ft2/day) 
Zone 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
24 0 0 0 10646 0 0 0 0 0 0 0 0 0 0 0 0 0 
25 0 0 0 0 1049 0 0 0 0 0 0 0 0 0 0 0 0 
26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 34.—Unit Head Flow Matrix (connectivity and head dependent flow relations) for Zones 35 through 51 of the  51-Zone 
Albuquerque Basin Compartmental Model (ft2/day) 
Zone 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
28 0 0 0 0 0 0 0 0 0 1559 0 0 0 0 0 0 0 
29 0 0 0 0 0 0 0 0 0 2155 0 0 0 0 0 0 0 
30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
31 2E+06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
32 0 3E+05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

33 0 0 3E+05 0 0 0 0 0 0 0 0 0 0 950.8 0 0 0 
34 6141 0 0 78761 0 0 0 0 0 16495 0 0 0 0 0 0 0 
35 0 16024 0 0 0 2E+05 0 0 0 0 8794 0 0 0 0 0 0 
36 16024 0 10111 0 0 0 0 50668 0 0 0 20383 0 0 0 0 0 
37 0 10111 0 0 0 0 0 0 13360 0 0 0 11638 0 5442 0 0 
38 0 0 0 0 4651 4406 0 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 4651 0 2164 512.8 0 0 0 0 0 0 0 0 0 0 
40 2E+05 0 0 4406 2164 0 10433 6775 0 0 0 0 0 0 0 0 0 

41 0 0 0 0 512.8 10433 0 465.4 879.1 0 0 0 0 0 0 201.7 0 
42 0 50668 0 0 0 6775 465.4 0 4857 0 0 0 0 0 0 0 0 
43 0 0 13360 0 0 0 879.1 4857 0 0 0 0 0 0 0 38597 0 
44 0 0 0 0 0 0 0 0 0 0 12079 0 0 0 0 0 0 
45 8794 0 0 0 0 0 0 0 0 12079 0 6504 0 0 0 0 0 
46 0 20383 0 0 0 0 0 0 0 0 6504 0 4957 0 0 0 0 
47 0 0 11638 0 0 0 0 0 0 0 0 4957 0 0 0 0 1341 
48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1E+05 0 0 

49 0 0 5442 0 0 0 0 0 0 0 0 0 0 1E+05 0 4934 6536 
50 0 0 0 0 0 0 201.7 0 38597 0 0 0 0 0 4934 0 0 
51 0 0 0 0 0 0 0 0 0 0 0 0 1341 0 6536 0 0 
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Table 35.—Zone Bottom Elevations (ft above mean sea level), Areal 
Extent (km2), and Initial Heads (feet above mean sea level) for the 
Spatially Aggregated Albuquerque Basin Groundwater Model 
Zone Bottom Elevation (ft msl) Area (km2) Jan 1975 Heads (ft) 

1 5159.2 16 5239.7 
2 5129.3 29 5209.5 
3 5079.1 64 5158.4 
4 2860.7 80 5252.6 
5 2277.4 87 5219.1 
6 -728.1 137 5162.5 
7 1465 107 5227.4 
8 -2661 183 5174.9 
9 3899.2 79 5292.9 
10 2617.8 94 5206.4 
11 5316 83 5430.4 
12 5083.4 41 5172.1 
13 3182.4 305 5368.9 
14 -68.441 231 5134.6 
15 4987.3 100 5066.3 
16 4918.4 56 4992 
17 4887.2 74 4945.3 
18 -751.43 182 5070.5 
19 -6335.4 88 4988.1 
20 -5916 106 4942.7 
21 2519.3 122 5163.5 
22 -966.25 206 5024.1 
23 1635.3 153 5037.6 
24 -2834.3 68 4955.1 
25 1066.9 104 4965.2 
26 2522.2 54 5226.9 
27 780.59 36 4990.9 
28 -2424 85 4928.8 
29 3135.5 92 5020.5 
30 4845.7 73 4920.3 
31 4792.4 120 4874.2 
32 4734.2 172 4819.2 
33 4673.5 109 4756 
34 -3002.2 108 4916 
35 -4230.1 202 4874.1 
36 -3833.2 265 4820.4 
37 -1637.1 194 4759.5 
38 -1127.3 67 4919.6 
39 2358.3 116 4916 
40 -2968.1 272 4873.5 
41 -1289.6 756 4875 
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Table 35.—Zone Bottom Elevations (ft above mean sea level), Areal 
Extent (km2), and Initial Heads (feet above mean sea level) for the 
Spatially Aggregated Albuquerque Basin Groundwater Model 
Zone Bottom Elevation (ft msl) Area (km2) Jan 1975 Heads (ft) 

42 -4500.1 272 4822.2 
43 -3190.2 213 4776 
44 -2977.6 100 4922.5 
45 -415.52 139 4894.1 
46 -458.59 258 4836.3 
47 1364.6 205 4791 
48 4627.7 69 4707.2 
49 1888.4 140 4713.2 
50 1817.5 104 4774.2 
51 3417.6 65 4727.5 

 
 

Table 36.—Zone Bottom Elevations (ft msl), Areal Extent (square 
kilometers), and Initial Heads (feet above mean sea level) for the 
Spatially Aggregated Espanola Basin Groundwater Model 

Zone Bottom Elevation (feet amsl) Area (mile2) 1975 Head (feet amsl) 

1 355 74 5955 

2 96 76 5696 

3 401 44 6001 

4 320 23 5920 

5 96 52 5696 

6 256 41 5856 

7 611 77 6211 

8 -111 90 5489 

9 406 28 6006 

10 963 70 6563 

11 143 25 5743 

12 551 77 6151 

13 930 35 6530 

14 5400 22 5600 

15 5185 16 5385 

16 5480 5 5680 
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Table 37.—Unit Head Connectivity Matrix (connectivity and head-dependent flow 
relations) for 16-Zone Espanola Basin Compartmental Model (ft2/month). 

Zone 1 2 3 4 5 6 7 8 
1 0 0.00862 0 0.15229 0.0019 0 0 0 
2 0.00862 0 0.0168 0 0.11299 0.02227 0.00673 0 
3 0 0.0168 0 0 0 0 0.00533 0 
4 0.15229 0 0 0 0.02389 0 0 0 
5 0.0019 0.11299 0 0.02389 0 0.01754 0 0.01814 
6 0 0.02227 0 0 0.01754 0 0.01527 0.0216 

7 0 0.00673 0.00533 0 0 0.01527 0 0 
8 0 0 0 0 0.01814 0.0216 0 0 
9 0 0 0 0 0 0.05093 0 0.00922 

10 0 0 0 0 0 0 0.01322 0 
11 0 0 0 0 0 0 0 0.00806 
12 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 
14 0 0.0883 0 0 0.00104 0 0 0 

15 0 0 0 0 0.01518 0 0 0.06972 
16 0 0.23003 0 0 0 0 0.00116 0 

 
Zone 9 10 11 12 13 14 15 16 

1 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0.0883 0 0.23003 
3 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 

5 0 0 0 0 0 0.00104 0.01518 0 
6 0.05093 0 0 0 0 0 0 0 
7 0 0.01322 0 0 0 0 0 0.00116 
8 0.00922 0 0.00806 0 0 0 0.06972 0 
9 0 0.01131 0 0.04091 0 0 0 0 

10 0.01131 0 0 0.01298 0.06373 0 0 0 
11 0 0 0 0.00466 0 0 0 0 
12 0.04091 0.01298 0.00466 0 0.01615 0 0 0 

13 0 0.06373 0 0.01615 0 0 0 0 
14 0 0 0 0 0 0 0 0.00155 
15 0 0 0 0 0 0 0 0 
16 0 0 0 0 0 0.00155 0 0 
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Table 38.—Calibration Parameters for Stream-Aquifer Interactions in Spatially 
Aggregated Espanola Basin Groundwater Model 

SW Reach 
In GW 
Zone 

Riverbed Conductance 
(feet2/s) 

Stream Stage 
(feet amsl) 

Rio Grande north of Otowi 14 0.169 From SW model 

Rio Grande south of Otowi 15 6.54 From SW model 

Pojoaque River 16 0.5 5671.2 

Rio Nambe & Rio Tesuque 7 0.039 6092.8 

 
 
Table 39.—Head-Dependent Boundary Flow Parameters for Spatially 
Aggregated Espanola Basin Groundwater Model 

Zone Flow Description 
Boundary Head  

(feet amsl) 
Unit Head Flow 

(feet2/day) 
1 N boundary constant H 6119 392.3 
2 N boundary constant H 5640.9 3562.7 
3 N boundary constant H 5995.9 4194.9 
14 N boundary constant H 6551 1.3 
8 To Alb basin zone 1 Alb basin zone 1 265.2 
8 To Alb basin zone 4 Alb basin zone 4 5656.8 
11 To Alb basin zone 4 Alb basin zone 4 44.4 

 
 

Table 40.—Unit Head Flow Matrix (connectivity and head-dependent flow relations) for 12-Zone Socorro Basin for 
Spatially Aggregated Groundwater Model (acre/month). SB signifies the south boundary, which is assumed to be 
Elephant Butte Reservoir for all southern zones (3, 10-12). 

Zone 1 2 3 4 5 6 7 8 9 10 11 12 SB 
1 0 0.7188 0 0 38.633 0 0 0 0 0 0 0 0 
2 0.719 0 1.0625 0 0 0 0 33.367 0 0 0 0 0 
3 0 1.0625 0 0 0 0 0 0 0 0 13.5 0 1.3333 
4 0 0 0 0 6.075 0 0.4219 0 0 0 0 0 0 
5 38.63 0 0 6.075 0 9.675 0 0.1771 0 0 0 0 0 
6 0 0 0 0 9.675 0 0 0 0.1194 0 0 0 0 
7 0 0 0 0.4219 0 0 0 6.3917 0 0 0 0 0 

8 0 33.367 0 0 0.1771 0 6.3917 0 0 0 0.2708 0 0 
9 0 0 0 0 0 0.1194 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 0 1.4907 0 3.0962 
11 0 0 13.5 0 0 0 0 0.2708 0 1.4907 0 0 0.25 
12 0 0 0 0 0 0 0 0 0 0 0 0 0 
SB 0 0 1.3333 0 0 0 0 0 0 3.0962 0.25 0 0 
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Table 41.—URGSiM Surface Water Groundwater Interaction Parameters for Albuquerque and 
Socorro Groundwater Basins 

Values exported from URGSiM-WWCRA.Hde.5.16.2013 

 

Shallow 
Aquifer 
Zone 

Ground 
surface 

elevation 
[ft] 

River 
channel 
elevation 

[ft] 

River 
channel 

conductivity 
[ft/da] 

River to 
drain 

distance 
[miles] 

Drain 
Base 

Elevation 

Drain 
conductivity 

[ft/da] 

A
lb

uq
ue

rq
ue

 g
ro

un
dw

at
er

 b
as

in
 

Cochiti1 5400 5339 0.2 NA NA 5 

Cochiti2 5233 5218 0.5 0.42 5213 5 

Cochiti3 5169 5159 0.5 0.53 5154 5 

Jemez1 5442.5 5430.5 0.25 NA NA 5 

Jemez2 5194 5185 0.25 NA NA 5 

SanFelipe1 5078.7 5068 0.5 0.0005 5063 5 

SanFelipe2 4998.5 4988 0.5 0.16 4983 5 

SanFelipe3 4946 4937 0.11 0.01 4932 5 

AbqBer1 4928 4918 0.5 0.08 4913 5 

AbqBer2 4884.5 4873 0.5 0.24 4868 5 

AbqBer3 4830 4818.5 0.5 0.17 4813.5 5 

AbqBer4 4770 4754.5 0.5 0.6 4749.5 5 

SanAcacia1 4724.5 4705.5 0.5 1.7 4700.5 5 

So
co

rr
o 

gw
 b

as
in

 

SA2BDA 4586 4583 0.5 3 4570.5 25 

BDA2SM 4507 4500 0.5 3 4491 25 

SM2EBGW 4470.7 4458 0.5 3 4456 25 
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Table 42.—Estimated Groundwater Head Values for January 1975 

Groundwater Parameter 
Groundwater Zone 

Number Unit Value 
Esp Basin Initial GW Heads 1 ft 5955.2 
Esp Basin Initial GW Heads 2 ft 5696.2 
Esp Basin Initial GW Heads 3 ft 6001 
Esp Basin Initial GW Heads 4 ft 5919.9 
Esp Basin Initial GW Heads 5 ft 5695.6 
Esp Basin Initial GW Heads 6 ft 5855.9 
Esp Basin Initial GW Heads 7 ft 6210.8 
Esp Basin Initial GW Heads 8 ft 5489.1 
Esp Basin Initial GW Heads 9 ft 6005.7 
Esp Basin Initial GW Heads 10 ft 6562.5 
Esp Basin Initial GW Heads 11 ft 5743 
Esp Basin Initial GW Heads 12 ft 6150.7 
Esp Basin Initial GW Heads 13 ft 6529.6 
Esp Basin Initial GW Heads 14 ft 5599.7 
Esp Basin Initial GW Heads 15 ft 5384.9 
Esp Basin Initial GW Heads 16 ft 5679.7 
Alb Basin Initial GW Heads 1 ft 5239.7 
Alb Basin Initial GW Heads 2 ft 5209.5 
Alb Basin Initial GW Heads 3 ft 5158.4 
Alb Basin Initial GW Heads 4 ft 5252.6 
Alb Basin Initial GW Heads 5 ft 5219.1 
Alb Basin Initial GW Heads 6 ft 5162.5 
Alb Basin Initial GW Heads 7 ft 5227.4 
Alb Basin Initial GW Heads 8 ft 5174.9 
Alb Basin Initial GW Heads 9 ft 5292.9 
Alb Basin Initial GW Heads 10 ft 5206.4 
Alb Basin Initial GW Heads 11 ft 5430.4 
Alb Basin Initial GW Heads 12 ft 5172.1 
Alb Basin Initial GW Heads 13 ft 5368.9 
Alb Basin Initial GW Heads 14 ft 5134.6 
Alb Basin Initial GW Heads 15 ft 5066.3 
Alb Basin Initial GW Heads 16 ft 4992 
Alb Basin Initial GW Heads 17 ft 4933 
Alb Basin Initial GW Heads 18 ft 5070.5 
Alb Basin Initial GW Heads 19 ft 4988.1 
Alb Basin Initial GW Heads 20 ft 4934 
Alb Basin Initial GW Heads 21 ft 5163.5 
Alb Basin Initial GW Heads 22 ft 5024.1 
Alb Basin Initial GW Heads 23 ft 5037.6 
Alb Basin Initial GW Heads 24 ft 4955.1 
Alb Basin Initial GW Heads 25 ft 4965.2 
Alb Basin Initial GW Heads 26 ft 5226.9 
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Table 42.—Estimated Groundwater Head Values for January 1975 

Groundwater Parameter 
Groundwater Zone 

Number Unit Value 
Alb Basin Initial GW Heads 27 ft 4990.9 
Alb Basin Initial GW Heads 28 ft 4928.8 
Alb Basin Initial GW Heads 29 ft 5020.5 
Alb Basin Initial GW Heads 30 ft 4920.3 
Alb Basin Initial GW Heads 31 ft 4874.2 
Alb Basin Initial GW Heads 32 ft 4819.2 
Alb Basin Initial GW Heads 33 ft 4756 
Alb Basin Initial GW Heads 34 ft 4916 
Alb Basin Initial GW Heads 35 ft 4874.1 
Alb Basin Initial GW Heads 36 ft 4820.4 
Alb Basin Initial GW Heads 37 ft 4759.5 
Alb Basin Initial GW Heads 38 ft 4919.6 
Alb Basin Initial GW Heads 39 ft 4916 
Alb Basin Initial GW Heads 40 ft 4873.5 
Alb Basin Initial GW Heads 41 ft 4875 
Alb Basin Initial GW Heads 42 ft 4822.2 
Alb Basin Initial GW Heads 43 ft 4776 
Alb Basin Initial GW Heads 44 ft 4922.5 
Alb Basin Initial GW Heads 45 ft 4894.1 
Alb Basin Initial GW Heads 46 ft 4836.3 
Alb Basin Initial GW Heads 47 ft 4791 
Alb Basin Initial GW Heads 48 ft 4707.2 
Alb Basin Initial GW Heads 49 ft 4713.2 
Alb Basin Initial GW Heads 50 ft 4774.2 
Alb Basin Initial GW Heads 51 ft 4727.5 
Soc Basin Initial GW Heads 1 ft 4575 
Soc Basin Initial GW Heads 2 ft 4496 
Soc Basin Initial GW Heads 3 ft 4459 
Soc Basin Initial GW Heads 4 ft 4635 
Soc Basin Initial GW Heads 5 ft 4585 
Soc Basin Initial GW Heads 6 ft 4595 
Soc Basin Initial GW Heads 7 ft 4556 
Soc Basin Initial GW Heads 8 ft 4506 
Soc Basin Initial GW Heads 9 ft 4515 
Soc Basin Initial GW Heads 10 ft 4878 
Soc Basin Initial GW Heads 11 ft 4469 
Soc Basin Initial GW Heads 12 ft 4469 
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