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Executive Summary
ES.1 Introduction
The Lake Powell Pipeline (LPP) Project is planned to supply water from Lake Powell, located on the
Colorado River, to communities in southwest Utah. This document was prepared to further the
understanding of climate change and its potential effects on the LPP Project water supply resources and
environmental effects. This document supplements the environmental resource studies associated with
water resources in addressing the objectives found in Study Plan 19: Water Supply and Climate Change.
The climate change analysis includes a literature review of existing scientific studies regarding the effects
of potential climate change on the hydrology of the Colorado River and existing studies of the paleohydrology of the Colorado River. The Bureau of Reclamation (Reclamation) has conducted numerous
hydrologic modeling runs using Reclamation’s long-term planning model, Colorado River Simulation
System (CRSS). A review of these model results using the alternate hydrology generated from tree-ring
data was also incorporated into this study report.
Reclamation published the SECURE Water Act Section 9503(c) – Reclamation Climate Change and
Water 2011 report (Reclamation 2011a), which assessed climate change risks and how these risks could
affect water operations, hydropower, flood control, and fish and wildlife in the western U.S. It represents
the first consistent and coordinated assessment of effects of and risks from climate change on future water
supplies across eight major Reclamation river basins, including the Colorado, Rio Grande and Missouri
river basins. The SECURE Water Act report was supported by Reclamation’s West Wide Climate Risk
Assessments: Bias-Corrected and Spatially Downscaled Surface Water Projections study (Reclamation
2011c), which analyzed changes in hydroclimatic variables, such as precipitation, temperature, snow
water equivalent, and streamflow, across major Reclamation river basins. General climate change risks
for the Upper Colorado Basin reported in the SECURE Water Act report include the following:






basin-average mean annual temperature is projected to increase approximately 4°F by 2060 from
baseline 1990 temperatures
precipitation is projected to increase slightly in the headwater areas
warming trends, rather than precipitation trends, are expected to dominate climate change effects
on snowpack
low elevation snowpack is projected to decrease; high elevation snowpack effects are projected to
be minimal
winter season (December through March) runoff shows an increasing trend; spring–summer
season (April through July) runoff shows a decreasing trend

Tree-ring studies performed within the basin indicate the early 1900s (when Colorado River compact
negotiations occurred) were wetter than the preceding centuries and the previous centuries contained
many more severe and sustained droughts (Woodhouse, et al 2006). The long-term average annual flow
for hydrologic reconstructions at Lees Ferry was 14.7 MAF/year, which is lower than the long-term gaged
record mean of 15.1 MAF/year and much lower than the 21 MAF/year flow volume assumed during the
Colorado River Compact negotiations. A follow-up study extended the reconstructed annual flows at Lees
Ferry back to A.D. 762 (Meko, et al 2007). Results confirmed the previous study conclusions of a drier
hydrologic past and showed a mega-drought in the mid-1100s that lasted over 25 years and was
characterized by a decrease in mean annual flow of more than 15 percent. If variations in future
hydrology are similar to those shown in the tree-ring studies, Barnett and Pierce (2009a) conclude that
currently scheduled deliveries could not be met, even in the absence of runoff reductions because of
climate change.
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The Lake Powell Pipeline Hydrologic Modeling report (Reclamation 2015) compared scenarios with and
without the LPP for each of two hydrologic datasets, observed hydrologic record (DNF) and the alternate,
more variable, climate change inflows (CC). The results from Reclamation’s modeling were re-evaluated
to compare consequences of the two hydrologic input datasets for the with-pipeline scenario. Results
show there is up to 2.7 percent chance the Lake Powell storage elevation would not exceed the minimum
power pool elevation (3,490 feet mean sea level [MSL]) in March, under the more variable hydrologic
regime (CC) as compared to 0.1 percent for the DNF flows. The simulated Lake Powell pool elevation
dropped to 3,404 feet MSL in the 10th percentile for CC flows as compared to 3,547 feet MSL for the 10th
percentile DNF flows, well above the 3,375 feet MSL minimum proposed intake elevation for the Lake
Powell Pipeline. No additional modeling was performed by MWH.
The LPP study area portion of the Virgin River Basin is located in the upper-most part of Reclamation’s
Lower Basin region. The predicted 2050 to 2079 mean temperature for this area is 2.5 to 2.7°C (4.5 to
5°F) warmer than the 1950 to 1979 historical mean (Reclamation 2009a). This is similar to projected
conditions in the Upper Colorado Basin. Reclamation and the State of Utah Division of Water Resources
coordinated to conduct a statistical analysis of climate change projections of future streamflow in the
Virgin River (Reclamation 2014). Future streamflow data used in the Colorado River Basin Supply and
Demand Study climate change scenario was also used in this analysis (Reclamation 2012a). The data
consisted of 112 “traces” of climate change projections of monthly streamflow between 1950 and 2099
for the Virgin River at Littlefield gage. The study found that simulated future (2025-2054) annual
streamflow could be between 72 percent (10th percentile) and 141 percent (90th percentile) of simulated
base period flows (1950-1999). The mean annual future flows at this gage were simulated at 104 percent
of base period flows and median flows were 97 percent of base period flows. There is high variability
among the 112 climate projections simulated in the future.
The modeling group at UDWR incorporated the results of the climate change analysis results into the
VRDSM. The 50th percentile climate change results, which show a 4 to 5 cfs decrease in Virgin River
streamflow through 2060 were used. The results showed an overall 11 percent decrease in WCWCD
system yield resulting from climate change (UDWR 2014).
The majority of the studies predict future inflow into Lake Powell is likely to decline because of climate
change or natural reversion back to the long-term historical mean observed in the tree-ring studies
(Reclamation 2015). Reduced inflow to Lake Powell could have detrimental effects on storage levels if
more stringent shortage and demand management strategies than included in the Interim Guidelines
Environmental Impact Statement (EIS) are not implemented. It is unknown at this time what impacts such
management strategies might have on the State of Utah or the LPP Project. The LPP Project intake would
be designed at an elevation which would be physically capable of receiving water in times of low storage.
There are currently no plans to curtail Upper Basin States’ water use beyond what is required by the
Colorado River Compact.
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Chapter 1
Introduction
Introduction
This draft study report was prepared to support licensing efforts through the Federal Energy Regulatory
Commission (Commission) for the Lake Powell Pipeline (LPP) Project. The LPP Project is planned to
supply water from Lake Powell, located on the Colorado River, to communities in southwest Utah. This
document was prepared to further the understanding of climate change and its potential effects on LPP
Project water supply resources. This document supplements the environmental resource studies associated
with water resources in addressing the objectives found in Study Plan 19: Water Supply and Climate
Change.
For many years, scientific understanding of Colorado River flows was based on historical gaged records
of streamflow. The first gaging stations on the river were established in the 1890s. The stream gage at
Lees Ferry was installed in 1921, during the Colorado River Compact negotiations, and has operated
continuously since then. It was during this relatively wet period in the measured hydrologic record, that
the 1922 Colorado River Compact established the basic apportionment of the river between the Upper and
Lower Basins. At the time, it was thought that the average annual flow volume of the Colorado River was
about 21 million acre-feet (MAF). The Compact provided for 7.5 MAF of consumptive use annually for
each of the basins, plus the right for the Lower Basin to additionally develop 1 MAF of consumptive use
annually. Subsequently, a 1944 treaty with Mexico provided a volume of water of 1.5 MAF annually for
Mexico. During the period of measured hydrology now available, the river’s average annual natural flow
has been about 15 MAF/year at Lees Ferry. Greater extensions of the record are essential because
important management decisions are based on the knowledge of the river’s flows. Extensions of
hydrology back before recorded data have been made using tree-ring data. Extensions forward using
global circulation models (GCM) to estimate streamflow under potential future climate variability have
also been performed by climate researchers. This document reviews studies of hydrologic extensions for
the Colorado River near Lake Powell, and identifies their potential impact on LPP Project reliability. The
LPP Project would take deliveries from Lake Powell for communities in southwest Utah. Management of
Lake Powell under future scenarios represented by extended hydrologic data may affect LPP Project
operations.

1.2 Methodology
A review of existing scientific literature was performed on potential climate change effects in the region
as well as a review of scientific literature on tree-ring studies and paleo-hydrology of the Colorado River.
The literature review was limited to information published in peer-reviewed or otherwise authoritative
journals and reports. A separate study specific to the Virgin River was reviewed that provided a statistical
analysis of potential impacts of climate change on the future streamflow in the Virgin River. A review of
the Reclamation CRSS model results using alternate hydrology generated from tree-ring data was
performed. Using these sources, a range of potential future hydrologic conditions in the Colorado River
Basin, including inflow to and outflow from Lake Powell was estimated. Potential impacts on LPP
Project diversions based on management of shortages in Lake Powell were described.
No new river system modeling or analysis was performed as part of this review. All conclusions are based
on interpretation of results from previous studies by others.
Lake Powell Pipeline
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Chapter 2
Colorado River Water Distributions
2.1 Colorado River Compact
This section provides a brief summary of the Law of the River and Colorado River Compact. More
detailed information can be obtained from the U.S. Bureau of Reclamation (Reclamation) website at
www.usbr.gov/lc/region/pao/lawofrvr.html.
The Law of the River is comprised of compacts (e.g., Colorado River Compact), court decisions and
decrees, and regulatory guidelines. The Colorado River Compact (Compact) is one of many documents
constituting the Law of the River. It divides the river basin into the Upper Basin (comprised of Colorado,
New Mexico, Utah and Wyoming) and the Lower Basin (comprised of Nevada, Arizona and California).
At the time of the Compact negotiations, it was thought that the average annual flow volume of the
Colorado River was about 21 million acre-feet (MAF). Based on the period of measured hydrology now
available, the average annual natural flow is about 15 MAF at Lees Ferry. The Compact requires the
Upper Basin states to not deplete the flow of the river below an average of 7.5 MAF per year at Lees
Ferry during any periods of ten consecutive years to make sure the Lower Basin states receive 7.5 MAF
of consumptive use. Additionally, the Compact provides the right for the Lower Basin to develop another
1 MAF per year of consumptive use. A 1944 treaty with Mexico provides another 1.5 MAF of Colorado
River water annually for Mexico. The Upper Colorado River Basin Compact of 1948 apportioned 7.5
MAF per year among the Upper Basin states based on a percentage of available flow. The State of Utah is
allotted 23 percent of the Upper Basin’s 7.5 MAF, or 1.73 MAF per year. Neither the State of Utah nor
the other Upper Basin States believe the Colorado River will yield 7.5 MAF per year to the Upper Basin.
The Upper Basin States are now operating on a Colorado River yield of 6.0 MAF per year. The State of
Utah’s share of the current Colorado River yield at 23 percent is approximately 1.4 MAF per year. Article
VII of the 1922 Colorado River Compact ensures that "[n]othing in this compact shall be construed as
affecting the obligations of the United States of America to Indian tribes.” Therefore, in a water shortage,
Tribal rights will not be reduced.

2.2 Interim Guidelines for Lower Basin Shortages
The recently adopted shortage guidelines, described in the preferred alternative of the Final
Environmental Impact Statement, Colorado River Interim Guidelines for Lower Basin Shortages and
Coordinated Operations for Lake Powell and Lake Mead (Reclamation 2007), were developed in
response to the eight-year drought on the Colorado River from 2000 to 2007. The guidelines assist
Reclamation in managing the Colorado River during drought periods and low reservoir conditions. Under
these guidelines, shortages were imposed on the Lower Basin States by themselves based on Lake Mead
elevations shown in Table 2-1.

Table 1-1
Interim Shortage Guidelines
Lake Mead Elevation on
January 1 (mean sea level)
1,075 feet
1,050 feet
1,025 feet
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Discussion of further measures consistent
<1,025 feet
with the Law of the River
Notes: From Reclamation 2007

The shortages shown in Table 2-1 would have been greater but Arizona refused to agree to a greater
shortage, because they take 97 percent of the shortage and Nevada takes the remaining 3 percent. The
Upper Basin States continue to make their full Compact deliveries to the Lower Basin and Mexico under
the interim shortage guidelines shown in Table 2-1.
The United States Secretary of the Interior is the water master for administration of the compacts
affecting the Colorado River. Reclamation is the Department of the Interior’s agent for operating federal
facilities on the Colorado River and administering the Secretary of the Interior’s actions under the
compacts. Therefore, Reclamation was the lead federal agency in preparing the Interim Guidelines EIS
(Reclamation 2007).
To avoid curtailment of uses in the Upper Basin and minimize the shortages in the Lower Basin, a
strategy for operating Lakes Powell and Mead was outlined in the EIS (Reclamation 2007). The Interim
Guidelines for operating Lake Powell are summarized in Table 2-2. Under this strategy, the January 1
projected system storage and reservoir water surface elevations are used to determine releases from Lake
Powell. In water years when Lake Powell is projected to be at or above the specified elevations in the EIS
(ranging from 3,636 to 3,666 ft, MSL) or to have greater volume than that of Lake Mead, Lake Powell
releases greater than 8.23 MAF per year to equalize storage with Lake Mead. Otherwise it releases only
8.23 MAF per year. If Lake Powell projected contents are below 3,575 feet MSL and above 3,525 feet
MSL, and Lake Mead elevations are greater than 1,025 feet MSL, only 7.48 MAF per year are released
from Lake Powell.

Table 2-2
Interim Guidelines for Operating Lake Powell
Lake Powell
Elevation
(feet MSL)
3,700

Lake Powell Operation
Relative to Lake Mead
Equalize, avoid spills or release
8.23 MAF

Lake Powell Live
Storage (MAF)
24.32

3,636-3,6661

Release 8.23 MAF; if Lake
Mead < 1,075 feet MSL, balance
contents with a min/max release
of 7.0 and 9.0 MAF

15.54-19.29

3,575

Release 7.48 MAF; release 8.23
MAF if Lake Mead
< 1075 feet MSL

9.52

3,525
3,370

Balance contents with a min/max
release of 7.0 and 9.5 MAF

5.93
0

Notes: 1) Elevation based on Table 2.3-2 of Reclamation 2007
2) From Reclamation 2007, Appendix S
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2.3 Interim Guidelines EIS Hydrology
Reclamation based its hydraulic and hydrologic analyses and CRSS modeling on the re-sampled historical
record (Reclamation 2007). The Interim Guidelines EIS did not incorporate forecasts of future climate
variability into its modeling for the main body of the EIS; however, it incorporated a sensitivity analysis
of the hydrologic resources to hydrologic scenarios derived from alternative methods in the EIS appendix.
Three methods were used to generate future hydrologic inflow sequences with increased hydrologic
variability relative to the historical record. The Direct Natural Flow Record (DNF) was generated using a
stochastic method based on the historic gaged record. The Direct Paleo technique (DP) uses streamflow
reconstructions from tree-ring chronologies directly to generate future hydrologic sequences. The
sequence 1 paleo-reconstruction from Meko et al. 2007 was used. The DNF and DP hydrologic inflow
scenarios are re-sampled with the Index Sequential Method (ISM-stochastic method), which guarantees
year to year hydrologic inflow statistics that are nearly identical to each other. The nonparametric paleoconditioning technique (NPC) extracted paleo-hydrologic state information from streamflow
reconstructions (Woodhouse et. al, 2006) and generated flow magnitudes by conditionally choosing from
the historical record. The NPC hydrologic inflow is generated with stochastic methods that do not
generate identical hydrologic inflow scenario statistics on a year to year basis.
When comparing the four hydrologic inflows to the likelihood of being below the minimum power pool
elevation (3490 feet MSL) for Lake Powell, the DNF shows nearly no chance of falling below, where the
NPC indicates the highest likelihood of occurrence at 26 percent after 2055. The highest probability of
shortage for lower Basin states and Mexico would occur after 2055, where the DP simulates an 80 percent
chance of shortages; DNF, 69 percent; and NPC 62 percent (Reclamation 2007, Appendix N, Attachment
A). These differences are noted in the sensitivity analysis, and the DNF hydrology was used for the
modeling of alternatives in the final EIS. Thus, post-EIS commenters argue that the shortage guidelines
were based on the assumption that hydrology for “the 20th century will be replicated in the 21st century, an
assumption at odds with the tree ring data” (Barnett and Pierce 2009b).
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Chapter 3
Literature Review
3.1 Introduction
The LPP Project would take deliveries from Lake Powell for communities in southwest Utah. As the
Colorado River feeds Lake Powell, changes in Colorado River flow could directly impact storage in Lake
Powell. The potential impact of climate change on the hydrology of the Colorado River has been an
important subject in scientific investigation for many years because so many communities rely on water
deliveries from the Colorado River/Lake Powell system.

3.2 Reclamation Literature Review of Climate Change Studies
The Climate Technical Work Group Report, which was prepared as Appendix U for the Final
Environmental Impact Statement, Colorado River Interim Guidelines for Lower Basin Shortages and
Coordinated Operations for Lake Powell and Lake Mead (Reclamation 2007), includes a literature review
of the climate science in the Colorado River Basin. Many pertinent studies utilizing paleo-reconstructed
hydrology for the Colorado River Basin have been performed. Three additional studies that feature GCM
projections for the American Southwest in general are included in the literature review (Reclamation
2007). These utilize global circulation model (GCM) runoff as part of a larger scale study and do not have
the higher resolution, more detailed representation of the previously described studies. However, their
results are worth mentioning. Milly, et al 2005 found that greater than 90 percent of the GCM simulations
show future Colorado River Basin runoff reductions of 10 to 30 percent by 2060. Seager, et al 2007 used
many of the same GCMs and runoff information as Milly, et al 2005. Seager’s study was specific to the
“American Southwest” (the area included land from Brownsville, TX to Lincoln, NE to Eureka, CA,
including parts of Mexico). Eighteen of the nineteen models Seager, et al 2007 evaluated showed a drying
trend in this area. Finally, the Fourth Assessment of the Intergovernmental Panel on Climate Change
released its report in spring 2007 (IPCC 2007). In this report, it is predicted that North American snow
season lengths and snow depth are very likely to decrease, except in the northernmost part of Canada. In
the southwest USA, warming would likely be greatest in the summer and mean annual precipitation is
likely to decrease.
Reclamation’s Research and Development Office commissioned the Technical Service Center Water
Operations and Planning Support Group to conduct a comprehensive literature review and synthesis that
was region-specific within the United States to enable efficient and consistent discussion of climate
change implications in planning documents (Reclamation 2009a, Reclamation 2011b). The reports
summarize studies pertaining to the effects of climate change on ecosystem function in the river basin,
including impacts on vegetation and aquatic resources. In a separate chapter of the 2009 document, a
qualitative summary of potential climate change impacts on various resources categories such as surface
water supplies, flood control, hydropower, fisheries, surface water quality and ground water is provided.
According to Reclamation, the Upper Colorado Region (which includes Lake Powell) appears to have
become warmer during the 20th century. Data available from the Western Climate Mapping Initiative
indicate the 11-year mean temperature has increased during the 20th century and is roughly 1.2°C (2.2°F)
warmer for the Upper Colorado River Basin and 1.7°C (3.1°F) warmer for the Lower Colorado River
Basin than it was a hundred years ago (difference computed is the 1996 to 2006 mean minus the 1896 to
1906 mean, Reclamation 2009a). The 2011 document, which updates the 2009 Report, addresses
Lake Powell Pipeline
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concerns about climate change impacts for specific resources and geographic areas (e.g., climate change
impacts on ecosystems and water demands and climate change impacts for the Upper Colorado Region;
Figure 3-1). As shown, simulated mean temperature has increased during the 20th century and is roughly
2°F warmer and 0 to 5 percent drier for the Upper Colorado River Basin thirty years ago (difference
computed is the 1980 to 2009 mean minus the 1950 to 1979 mean, Reclamation 2011b). Estimates for the
lower basin are increases in temperature of about 2 to 3°F and 0 to 5 percent drier. According to Hamlet
et al. 2005 and Stewart et al. 2004, it appears that snowpack is decreasing and runoff is occurring earlier
in the Upper Colorado River Basin than it did in the past. Snowpack is important in determining the
seasonality of natural runoff. In many Upper Colorado Region headwater basins, the precipitation stored
as snow during winter accounts for a significant portion of spring and summer inflow to lower elevation
reservoirs.

Source: Reclamation 2011b

Figure 3-1
Downscaled Precipitation and Temperature Change Projections in
Reclamation’s Upper Colorado Region

Lake Powell Pipeline
Final Climate Change Study Report

3-2

04/30/2016
Utah Board of Water Resources

3.3 SECURE Water Act Section 9503 (c)
Reclamation published the SECURE Water Act Section 9503(c) – Reclamation Climate Change and Water
2011 report (Reclamation 2011a), which assessed climate change risks and how these risks could affect
water operations, hydropower, flood control, and fish and wildlife in the western U.S. Findings and general
climate change risks from the Secure Water Act report for the Upper Colorado Basin in the 21st century
include the following:






basin-average mean annual temperature is projected to increase approximately 6 to 7°F
precipitation is projected to increase in the headwater areas
warming trends, rather than precipitation trends, are expected to dominate climate change effects
on snowpack
low elevation snowpack is projected to decrease; high elevation snowpack effects are projected to
be minimal
winter season (December through March) runoff shows an increasing trend; spring–summer
season (April through July) runoff shows a decreasing trend

The SECURE Water Act report was supported by Reclamation’s West Wide Climate Risk Assessments:
Bias-Corrected and Spatially Downscaled Surface Water Projections study (Reclamation 2011c), which
analyzed changes in hydroclimatic variables, such as precipitation, temperature, snow water equivalent,
and streamflow, across major Reclamation river basins. The SECURE Water Act report and West Wide
Climate Risk Assessments study are based on projections of future temperature and precipitation
projections from multiple climate models and various projections of future greenhouse gas emissions,
technological advancements, and global population estimates. Reclamation recognizes that further
information is likely needed to inform local level decision making. Reclamation plans to develop reports
that will build on the level of information currently available and use the rapidly developing science to
address how changes in supply and demands will affect water management. One such initiative includes
the WaterSMART Basin Studies (Reclamation 2012b).
The Secure Water Act report found that annual runoff effects vary by location in the Colorado River
Basin, depending on the GCM predictions analyzed. Changes in annual runoff are minor during the 2020s
relative to the 2050s and 2070s. The seasonality of runoff is projected to change in the Colorado River
Basin. More rainfall runoff is expected during the winter as opposed to snow accumulation. This can be
seen in Figure 3-2 showing the simulated changes in decade-mean runoff for the Colorado River at Lees
Ferry presented in the Secure Water Act report. Winter flows are predicted to be higher relative to 1990s
baseline conditions in 2070 as a result of more precipitation falling as rain where summer flows are
projected to be lower as a result of less snowmelt runoff.
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Source: Reclamation 2011a

Figure 3-2
Simulated Changes in Decade-mean Runoff for the Colorado River at Lees Ferry

Findings from the Secure Water Act report for the whole Upper Colorado Basin in the 21st century are
shown in Figure 3-3 through Figure 3-5 (Reclamation 2011a). Mapped values for baseline conditions
(1990s) are median-values from the collection of climate simulations. Mapped changes (next three panels)
are median changes from the collection of climate simulations, or ensembles. As shown, basin-average
mean annual temperature is projected to increase, headwater precipitation is projected to increase and low
elevation snowpack is projected to decrease.
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Colorado River above Yuma
Mean Annual Temperature (oF)
Baseline Mean‐Annual Conditions (1990s)

Change in Mean Annual Temperature (oF)
from Baseline (2020s)

Change in Mean Annual Temperature (oF)
from Baseline (2050s)

Change in Mean Annual Temperature (oF)
from Baseline (2070s)

Source: Reclamation 2011a

Figure 3-3
Simulated Decade-mean Temperature Throughout the Colorado River Basin
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Colorado River above Yuma
Mean Annual Precipitation (inches)
Baseline Mean‐Annual Conditions (1990s)

Change in Mean Annual Precipitation (%)
from Baseline (2020s)

Change in Mean Annual Precipitation (%)
from Baseline (2050s)

Change in Mean Annual Precipitation (%)
from Baseline (2070s)

Source: Reclamation 2011a

Figure 3-4
Simulated Decade-mean Precipitation Throughout the Colorado River Basin
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Colorado River above Yuma
Mean April 1st SWE (inches)
Baseline Mean‐Annual Conditions (1990s)

Change in Mean Annual April 1st SWE (%)
from Baseline (2020s)

Change in Mean Annual April 1st SWE (%)
from Baseline (2070s)

Change in Mean Annual April 1st SWE (%)
from Baseline (2050s)

Source: Reclamation 2011a

Figure 3-5
Simulated Decade-mean April 1st Snowpack Over the Colorado River Basin

3.4 Other Climate Change Studies
In 1999, Peter Gleick and Elizabeth Chalecki performed a literature review of all studies regarding the
impacts of climate change on water resources in the Colorado River Basin (Gleick and Chalecki, 1999).
Subsequently, the climate technical work group report reviewed the top six major studies regarding the
effects of climate change on runoff in the Colorado River between 1979 and 2007. The earliest studies use
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hypothetical temperature and precipitation changes evaluated with historical analogies and regression
approaches. In 1979, Charles Stockton of the University of Arizona Laboratory of Tree-Ring Research
and William Boggess, wrote a report for the U.S. Army Corps of Engineers Engineering Research Center
(Stockton and Boggess 1979). The authors used four different climate change scenarios that combined +/2°C temperature change with +/- 10 percent change in precipitation. They used these scenarios in
conjunction with Walter Langbien’s (Langbien 1949) relationships between temperature, precipitation
and runoff. In the Upper Colorado basin, the authors found decreased runoff with a warmer/drier scenario
as well as a warmer/wetter scenario. The warmer temperatures significantly increased evapotranspiration
rates such that the increase in precipitation could not accommodate the runoff reduction. The decrease in
runoff for both scenarios was about 5 MAF or 33 percent of average annual flow at Lees Ferry. Revelle
and Waggoner’s 1983 report for the National Academy of Sciences also utilized the Langbien 1949
relationships. The study generated a multiple linear regression between Upper Basin temperature and
precipitation, and unimpaired flow at Lees Ferry. Their equation, with an r2 of 0.73, showed that a 2°C
increase in temperature alone would reduce runoff by 29 percent. A 2°C increase combined with a 10
percent decrease in precipitation would reduce flows by 40 percent at Lees Ferry.
By the late 1980s, regression analyses were replaced by physically based models. Studies by Linda Nash
and Peter Gleick published in 1991 and 1993 looked at future Colorado River flows under various climate
change scenarios. In 1991, the authors used hypothetical temperature and precipitation scenarios as well
as scenarios produced by GCM simulations. These scenarios were used as meteorological inputs to the
National Weather Service River Forecasting System (NWSRFS) hydrologic model for three sub-basins
with limited human influence of the Colorado River Basin above Lake Powell as well as for a twoelevation aggregated model to simulate inflows for Lake Powell. In 1993, the authors added a “transient”
climate study, a direct GCM runoff analysis. To investigate how flow changes would affect reservoir
operations and system reliability, the USBR CRSS operations model was utilized as part of the 1993
study. A 2°C increase in temperature alone reduced runoff by 4 to 12 percent and a 4°C increase in
temperature reduced runoff by 9 to 21 percent. The most extreme runoff reduction produced by GCM
model inputs (large regional temperature increase and no precipitation increase) resulted in a 10 to 24
percent reduction in runoff. This was the first study to suggest that temperature increases would shift the
seasonality of runoff in the Colorado Basin to increased winter runoff and decreased spring runoff,
because of more winter precipitation falling as rain and a faster, earlier spring snowmelt. It was the first
study to indicate that small, steady reductions in streamflow would manifest in large declines in system
storage. A 10 percent reduction in runoff caused average Lake Powell storage to decline by 30 percent
relative to historical levels. In both the 10 percent and 20 percent runoff reduction scenarios, Lake Mead
is completely drained in some years. Of course, these results are dependent upon assumptions made
regarding shortage allocations, reservoir starting contents and compact deliveries during extended drought
conditions as well as other factors. Under real operations, it is unlikely Lake Mead would be drained
because the Lower Basin States would implement more stringent water shortage criteria.
Christensen, et al 2004, of the University of Washington Department of Civil and Environmental
Engineering, used the National Center for Atmospheric Research Parallel Climate Model (PCM) to
simulate runoff and operations on the Colorado River during three future 21st century periods. At the time,
PCM simulations showed less temperature sensitivity to the same greenhouse gas emissions as did other
GCMs. Monthly temperature and precipitation output from the PCM simulations was downscaled to 1/8
degree daily data and used as input for the Variable Infiltration Capacity (VIC) hydrologic model. VIC
simulates snowpack and snowmelt, soil moisture, evapotranspiration, runoff and baseflow. Runoff and
baseflow are then routed through a flow network to calculate streamflow. VIC output was then used as
input for the Colorado River Reservoir Model (CRRM) operations model. Results of the study are shown
in Table 3-1. Because the CRRM simulation periods were run in sequence, initial storage in Periods 1, 2,
and 3 (which are 13, 43, and 73 years, respectively, after the initial year of the future runs) differ from
each other. Thus, system performance under these three simulated periods differs. The authors state that
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this reflects the evolution of climate change impacts on system performance throughout the simulated
periods. Storage in the model is simulated using four “equivalent” reservoirs: Navajo Reservoir, Flaming
Gorge Reservoir, Lake Powell, and Lake Mead.

Table 3-1
Annual Average Temperature, Precipitation, Runoff, Storage and Hydropower Results for
the Upper Colorado River Basin
Temperature
Change (°C)

Precipitation

Runoff

Storage

Hydropower

n/a

354 mm/yr

45 mm/yr

39.9 BCM/yr

8,123 hr/yr

Control

+0.5

–1%

–10%

–7%

–16%

2010-39

+1.0

–3%

–14%

–36%

–56%

2040-69

+1.7

–6%

–18%

–32%

–45%

2070-2098

+2.4

–3%

–17%

–40%

–53%

Period
Historical

Notes: From Christensen, et al 2004

Niklas Christensen and Dennis Lettenmaier published an article on future Colorado River flows in 2007.
Their study utilized GCM model results prepared for the 2007 IPCC Fourth Assessment (IPCC). The
authors used 11 major climate models and two different future emission scenarios (a high scenario-A2
and a relatively low scenario-B1). The approach from Christensen et al. 2004 was utilized with the
expanded suite of climate models. VIC was re-calibrated with an additional 10 years of data. Results for
temperature, precipitation and runoff are shown in Table 3-2. Dennis Lettenmaier reran this 2007 study in
2009 with another version of downscaled future data and results changed from a 5 percent to a 10 percent
streamflow reduction by 2050 (Hoerling, et al 2009).

Table 3-2
Average Ensemble Changes Relative to Historical 1950 to2099 Modeled Base Case for the
Upper Colorado River Basin
Period

Temperature

Precipitation

Runoff

Storage

Historic

10.5°C

354 mm/yr

45.2 mm/yr

41.8 BCM

B1

A2

B1

A2

B1

A2

B1

A2

2010-39

+1.3

+1.2

+1%

-1%

0%

-1%

+1%

+4%

2040-69

+2.1

+2.6

-1%

-2%

-7%

-6%

-5%

0%

2070-99

+2.7

+4.4

-1%

-2%

-8%

-11%

-10%

-12%

Notes: From Christensen and Lettenmaier 2007
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Results from the operations model, CRRM (which was modified to reflect how Lower Basin shortages
should be tied to Lake Mead levels) showed higher reservoir levels than those reported in the 2004 study.
However, the authors state that because of the large ratio of storage to inflow in the basin, neither an
increase in total storage nor a change in operating policies would likely mitigate the storage impacts under
declining inflows.
Martin Hoerling and Jon Eischeid published findings in the January/February 2007 issue of Southwest
Hydrology magazine (not a peer-reviewed journal). The authors utilized the Palmer Drought Severity Index
(PDSI) to create a simple linear regression for flow at Lees Ferry. The regression was used to downscale
future PDSI to Lees Ferry flows. PDSI was calculated for each of 42 climate simulations spanning 1895 to
2060, using multiple runs of 18 different coupled ocean-atmosphere-land models. The models used known
changes in atmospheric constituents and solar variations from 1895 to 2000 and a business as usual
assumption for greenhouse gas emissions after 2000. The models produced a realistic range of PDSI
drought events during the 20th century, and for the future they produce surface moisture conditions that
denote a progressively more arid climate and severe drought conditions. The average of all models used
showed negligible net change in precipitation. The variability in precipitation among the models was
considerable, yet even some higher precipitation years resulted in drier periods due to the effect of heatrelated moisture loss. The average temperature during the 2006 to 2030 simulated period increased by 1.4°C
over the 1895 to 2005 mean. For the 2035 to 2060 period, average temperatures increased 2.8°C. Results
for streamflow showed reductions below the current consumptive use demand on the river within the next
20 years. Relative to the 1990 to 2005 mean flow of 13 MAF, the 42-run average predicts a 25 percent
decline in streamflow during the 2006 to 2030 simulated period, and a 45 percent decline during the 2035
to 2060 simulated period (Source: From Hoerling and Eischeid, 2007.
Figure 3-6). The dark red curve denotes the 42-run average, and the clouded area on Figure 3-6 describes
the 10 to 90 percent range of individual simulations.
Because most runoff comes from a small part of the Upper Colorado basin, above 8,000 feet and runoff
contributions from the individual sub-basins vary considerably, basin models at large scales (Milly, et al
2005, Hoerling and Eischeid 2007, Seager, et al 2007) likely overstate declines in runoff. The Hoerling
study was revisited in 2009 and Hoerling and Eischeid now believe the 45 percent runoff reduction
overstates potential losses, yet runoff declines are still expected (Hoerling, et al 2009).

Source: From Hoerling and Eischeid, 2007.

Figure 3-6
Modeled 1895 to 2050 Lees Ferry Annual Streamflow
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McCabe and Wolock (2007) used a water-balance model to evaluate potential effects of specific levels of
atmospheric warming on water-year streamflow in the Colorado River and evaluated their results in the
context of long-term (1940 to 1998) historical tree ring reconstructions (Woodhouse, et al 2006). Their
results show that under a 2°C temperature increase scenario, 1901 to 2000 mean annual flow is reduced
by 17 percent, a level which is unprecedented in the 1490 to 1998 reconstructed flows period.
Furthermore, the calculated Colorado Compact failure rate increased from 0.07 to 0.37 under this
scenario.
The Joint Front Range Climate Change Vulnerability Study is a joint study facilitated by the Water
Research Foundation between water utilities along Colorado’s Front Range, the Colorado Water
Conservation Board, the Western Water Assessment, and other principal investigators (Water Research
Foundation 2012). Much of the water supply for the Front Range comes from trans-basin diversions from
the Colorado River Basin, therefore, it was included in this study. The main objective of the study was to
determine the sensitivity of streamflow at pertinent gages within the basins to projected climate
variability. For the Upper Colorado River Basin, nine gages were selected for evaluation. Five climate
scenarios were selected from the 112 GCM scenarios available for 2040 and 2070 time periods that
encompassed various combinations of hot, warm, dry, and wet climate patterns. The selected scenarios
were downscaled and bias corrected. Temperature and precipitation perturbations were performed on the
historical record to create additional scenarios for evaluation. The scenarios were then run through two
separate hydrology models. These models, the Water Evaluation and Planning (WEAP) Model and the
Sacramento Soil Moisture and Snow-17 Model (SAC Model), bridge the gap between the climate change
projections and the effects on local streamflow. The WEAP model has been used in several climate
change analysis in the country. The SAC model is often used by the National Weather Service for both
short- and long-term operational streamflow forecasting.
The general climate characteristics of the selected projections include the following:



Average annual temperature could increase from 2°F to 10°F for the 2070 time period
Average annual percent change in precipitation could range between 18 percent decrease to a 28
percent increase for the 2070 time period

Simulated results show that Colorado River streamflow volume near Cameo in 2070 could decrease 18
percent or increase up to 5 percent, depending on climate change projection and hydrologic model (Figure
3-7). Model projections also show a shift in peak flows from June to May (Figure 3-8), which could
present unique challenges to existing operations and infrastructure.
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Source: Water Research Foundation 2012

Figure 3-7
2070 Simulated Average Annual Undepleted Streamflow Volume for Colorado River near Cameo

Source: Water Research Foundation 2012

Figure 3-8
2070 Simulated Average Monthly Streamflow for Colorado River near Cameo

Under the SECURE Water Act, Reclamation is required to perform and evaluate climate change impact
studies in all of Reclamation’s basins. One of the Basin Study Programs recently completed is the
Colorado River Basin Water Supply and Demand Study, funded by Reclamation through the Basin Study
Program under the Department of the Interior’s WaterSMART (Sustain and Manage America's Resources
for Tomorrow) Program (Reclamation 2012a, 2012b). The purpose of the Study is to “define current and
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future imbalances in water supply and demand in the Colorado River Basin (Basin) and the adjacent areas
of the Basin States that receive Colorado River water for approximately the next 50 years (through 2060),
and to develop and analyze adaptation and mitigation strategies to resolve those imbalances.”
Specifically, it aims to characterize water supply and demand imbalances, under varying conditions, from
both historical climate variability and potential climate change variability. The Study did not result in a
decision as to how to address future imbalances.
A set of four scenarios, focused around the critical uncertainties of streamflow variability and climate
variability and trends, was constructed to represent a broad range of plausible future water supply
conditions in the Basin through the next 50 years. These included:





Observed resampled – future hydrologic trends and variability are similar to the observed
historical record
Paleo resampled – paleo reconstructed streamflow is used to represent future hydrologic trends
and variability
Paleo conditioned – a blend of the wet-dry states of the paleo reconstructed streamflow is used to
represent future hydrologic trends and variability with magnitudes similar to the observed
historical record
Downscaled GCM projected – an ensemble of 112 future downscaled GCM streamflow
projections are used to represent future hydrologic trends and variability

Key findings related to projected changes in temperature, precipitation, snowpack, and runoff over the
next 50 years that may be expected under the Downscaled GCM Projected scenario are summarized
below:





Basin-wide average annual temperature is projected to increase approximately 1.3° and 2.4°C
over the periods 2011 through 2040 and 2041 through 2070, respectively relative to the base
period of 1971 through 2000. Changes are larger in the Upper Basin than in the Lower Basin.
Throughout the Basin a general trend toward drying was projected for the spring and summer for
much of the Basin. For some areas of the Lower Basin slight increases in precipitation are
projected. Upper Basin precipitation is projected to increase in fall and winter.
Substantial reductions in spring snowpack are projected due to earlier melt or sublimation.
Runoff is projected to increase significantly in the higher elevation Upper Basin during winter,
but is projected to decrease during spring and summer. In general, runoff is projected to decrease.

The study used a scenario planning process to examine the quantity and location of current and future
water demands in the Study Area. The most critical uncertainties affecting future demand were identified
(e.g. changes in population and water use efficiency) and six demand scenarios were developed.





Current Projected (A) – recent trends of growth and development continue
Slow Growth (B) – growth slows and economic efficiency is emphasized
Rapid Growth (C1 and C2) – Population and energy economic resurgence. Current preferences
toward human and environmental values
Enhanced Environment (D1 and D2) – Increased environmental awareness and stewardship

Under these scenarios, Colorado River demand for consumptive uses is projected to range between about
18.1 MAF under the Slow Growth (B) scenario and about 20.4 MAF under the Rapid Growth (C1)
scenario by 2060. The largest increase in demand is projected to be in the M&I category, resulting from
population growth.
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A range of projected future water supply and demand imbalances were simulated through the scenario
process using the Colorado River Simulation System (CRSS) model. Although the CRSS model does not
include specific water rights or non-federal project operations in Colorado, it does represent the critical
operations of Lake Powell and Lake Mead. Comparing the median of water supply projections against the
median of the water demand projections shown in Figure 3-9 below (medians are indicated by the darker
shading), the long-term projected imbalance in future supply and demand is about 3.2 MAF by 2060. This
imbalance varies markedly under any one of the multiple plausible future supply and demand scenarios. It
is important to note that the projected imbalances in Figure 3-9 did not consider the effect of reservoir
storage. Storage is a key component to meeting demand when it exceeds Basin supply.

Source: Reclamation 2012a
Note: Water use and demand include Mexico’s allotment and losses such as those resulting from reservoir
evaporation, native vegetation and operational inefficiencies.

Figure 3-9
Historical Supply and Use and Projected Future Colorado River Basin Water Supply and Demand

The Study identifies a broad range of potential strategies to resolve the supply/demand imbalances. Input
from Study participants, interested stakeholders and the public was considered. Many of the identified
options were quantitatively evaluated and assessed for cost, yield and timing. Portfolios were developed
to reflect different adaptive strategies and include a unique combination of various options. Four
portfolios were evaluated at depth for the Study, yet no single solution was identified to resolve the future
imbalances (Reclamation 2012a).
The Colorado River Water Availability Study was authorized by the Colorado General Assembly in
Senate Bill (SB) 07-122 and House Bill (HB) 08-1346. The General Assembly directed the Colorado
Water Conservation Board, in cooperation with the Interbasin Compact Committee and the state’s river
basin roundtables, to study Colorado River water availability in light of current and potential future
consumptive and non-consumptive needs (CWCB 2012). The Study Area includes major Colorado River
tributary river basins in the state, such as the Yampa and White, Upper Colorado, Gunnison, and San
Juan/Dolores basins.
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Phase I of the study was performed between 2008 and 2012, and combines the data and models developed
by the Colorado Water Conservation Board and the Division of Water Resources with new information
on paleohydrology and potential climate change conditions. Phase I is expected to lead to subsequent
work that will evaluate water availability for proposed water supply projects and additional nonconsumptive water needs (CWCB 2012). The Colorado River Water Availability Study also assesses
climate change effects at the water user and water rights level, and effects on reservoir use and operations
(CWCB 2012).
Phase I of the Colorado River Water Availability Study used five climate projections for each 2040 and
2070 planning horizons (CWCB 2012). This study was initially coordinated with the Joint Front Range
Climate Change Vulnerability Study, previously described, in that both studies adopted common
assumptions for representing available climate projections (i.e. both using the 2040 and 2070 time-frames,
and both using a small set of climate change scenarios to represent change possibilities for each time
frame). The Colorado River Water Availability Study coordinated with Joint Front Range Climate
Change Vulnerability Study for the 2040 scenarios throughout the study. However, for 2070, the
Colorado River Water Availability Study eventually deviated to better serve its study goals on
representing future runoff uncertainty during that period.
The Study Area encompasses the major tributary river basins of the Colorado River. Colorado’s
consumptive use model, StateCU, was used to assess crop water needs in response to higher temperatures
and longer growing seasons. The Study considered three different conditions for water supply, historical
hydrology, extended historical hydrology (paleo-hydrology) and climate adjusted hydrology. The
Variable Infiltration Capacity (VIC) hydrology model was used to develop natural flows in the river basin
in response to the selected climate projections. Colorado’s water allocation model (StateMod) was then
used to provide detailed information on consumptive use; shortages; physical streamflow; and water
available for future use at more than 2,000 locations throughout the Study Area. StateMod superimposes
hydrology and climate-altered irrigation demand onto current system operations (including current M&I
demands, transmountain exports, reservoir capacities and basin operations) using Colorado’s current
water rights, administrative rules and agreements, and operational practices. StateMod includes reservoir
operations (storage and releases) for more than 60 federal and non-federal reservoirs within Study Area.
Results of the study are presented for the three alternative hydrologic cases mentioned above. The study
notes there are limitations to the science of future climate change projections on hydrology. Thus, the
results indicate a broad range of uncertainty in the water available for future consumptive uses. General
climate results of the Phase I report include the following for the Study Area (CWCB 2012):








2070 average annual temperatures could increase 4.8°F to 8.1°F
2070 winter average precipitation could become 99 percent to 127 percent of historical
2070 April through October precipitation average could become 93 percent to 99 percent of
historical
2070 increases in average annual flows for 17 locations. At 74 locations all climate cases showed
a decrease in average annual flows. The remaining 136 locations showed no change in average
annual flows.
2070 runoff shifts 14 days earlier
Most locations in the Study Area show less water availability for four of the five climate
projections in 2070
2070 reservoirs generally drawn down to lower levels and do not fill to historical levels except in
the northern portion of the Study Area

Modeling results show that streamflow changes in 2070 in the Colorado River near Glenwood Springs
could range from a 24 percent decrease to a 13 percent increase. Even small decreases or increases in
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precipitation could still result in streamflow decreases because temperature increases affect
evapotranspiration, runoff, and crop irrigation requirements (CWCB 2012). Furthermore, temperature
increases could shift peak runoff periods to April and May, which could affect transmountain diversions,
reservoir, and irrigation operations.

3.5 Climate Change and Lake Powell Studies
Two studies came out after the Colorado River Interim Guidelines EIS (Reclamation 2007) that looked
specifically at potential climate change affected hydrology in the Colorado River and its effects on
storage in Lake Powell and Lake Mead. These studies were motivated by the fact that the Interim
Guidelines EIS did not account for anthropogenic climate change, despite the lengthy literature review of
studies showing that climate change would reduce streamflow in the Colorado River. Furthermore, the
EIS incorporated the assumption that hydrology for “the 20th century will be replicated in the 21st century,
an assumption at odds with the tree ring data” (Barnett and Pierce 2009b).
First, Barnett and Pierce (2008) published a paper entitled “When Will Lake Mead Go Dry?” The study
modeled Lake Powell and Lake Mead as a single source managed to maintain equal storage in both
reservoirs and assumed there would be no management response to decreases in flow. This study used a
water budget and two types of flow analyses. The first flow analysis assumed 10 percent and 30 percent
reductions in the 1906 to 2004 average annual runoff passing the Lees Ferry gage. The results showed
active storage to be depleted in 2030 for the 30 percent flow reduction scenario and 2047 for the 10
percent flow reduction scenario. The second flow analysis used the natural flow variability at Lees Ferry,
developed from statistically modeled simulations based on historical gaged data and flow estimates from
approximately 1,250 years of tree ring data, and assumed both 0 and 20 percent reductions in flow. Using
this natural flow variability, even without climate change, the model showed there is a 50 percent chance
active storage would be depleted by 2037, and a 50 percent chance active storage would be depleted by
2028 with a 20 percent reduction in flows.
This study elicited several comments from scientists in this field, along with published responses and a
follow-up paper (Barsugli et al. 2009, Barnett and Pierce 2009a, Barnett and Pierce 2009b). The followup paper by Barnett and Pierce entitled “Sustainable water deliveries from the Colorado River in a
changing climate” was published in PNAS (Proceedings of the National Academy of Sciences). This
study utilized an improved water budget model as well as the “preferred alternative” schedule of delivery
cuts from the Interim Guidelines shortage policies (Reclamation 2007). When using the same inflow
assumptions as Barnett and Pierce (2008), the improved models resulted in a 4 to 10 year delay in dry-up,
depending on the scenario. Again, they analyzed both 20th century flows as well as paleoclimate flows
based on tree ring reconstructions at Lees Ferry. Results based on 20th century flows show that in the
absence of predicted climate change, delivery shortfalls of 0.61 MAF/yr would occur 40 percent of the
time by 2060. With a 10 percent reduction in Colorado River runoff, shortages would begin to occur by
2040 and reach 1 MAF/year 70 to 95 percent of the time by 2060. With a 20 percent reduction in flow,
shortages would begin to occur by 2025 and average 2 MAF/year 70 to 95 percent of the time by 2060.
These values are about 1.5- to 3-times the maximum lower basin delivery cut explicitly included in the
preferred alternative plan (Reclamation 2007). Reducing scheduled deliveries would increase these values
and the resiliency of the system. Using paleoclimate inflows without reducing runoff to account for
climate change indicates shortages occurring by 2025. When inflows are also reduced by 10 percent,
simulated shortages begin to appear immediately. The authors include a caveat there is substantial
uncertainty of the magnitude and timing of shortages when using the paleoclimate flows, as there is no
robust consensus to what the realistic mean low inflow should be.
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At the same time of the first Barnett and Pierce study (published after Barnett and Pierce 2008 but before
the comments from Barsugli et al. 2009), Rajagopalan, et al 2009 used a heuristic model that combined
Lake Powell and Lake Mead water budgets to assess the storage response to reduced hydrologic inflow
due to climate change. The authors also evaluated several shortage management alternatives to determine
if there would be a way to successfully mitigate predicted shortages. Results indicate a 26 percent chance
that active reservoir storage would be depleted at least once by 2056 under a scenario of 10 percent flow
reduction and current shortage and growth management strategies. A 20 percent flow reduction would
yield a 51 percent probability of active storage depletion under the same current strategies with the
implementation of moderate shortage strategy and demand growth management alternatives reduce the
probability to between 36 and 43 percent. Thus the author suggests that more aggressive shortage
strategies may be required.

3.6 Paleoclimate Studies
Equally important to climate change studies pertaining to future flows have been the paleoclimate studies
pertaining to past flows. These studies reveal that long-term historical flows that may have been drier and
more variable in nature than is currently seen. For many years, scientific understanding of Colorado River
flows has been based on historical gaged records of the river’s flow. The first gaging stations on the river
were established in the 1890s. The stream gage at Lees Ferry was installed in 1921, during the Colorado
River Compact negotiations, and has operated continuously since then. At the time of the compact
negotiations, it was thought that the average annual flow volume of the Colorado River was about 21
million acre-feet (MAF). Based on the period of measured hydrology now available, the river’s average
annual natural flow is about 15 MAF at Lees Ferry. Greater extensions of the record have been made
because important management decisions are based on the knowledge of the river’s flows. Annual growth
rings in trees at lower elevations can reflect moisture availability. Therefore, tree-ring data can be used to
reconstruct records of historical river flows. Using data from coniferous tree species with long life spans
in the Colorado River region, flow records dating back several centuries have been reconstructed (NAS
2007).
Connie Woodhouse, Stephen Gray, and David Meko of the University of Arizona's Laboratory of TreeRing Research (LTRR) used the network of new tree-ring chronologies to generate updated
reconstructions of streamflow for the Colorado River. They reconstructed the natural flows at 10 main
gages in the basin, including Lees Ferry. Multiple reconstructions were generated for each gage and
different techniques were used to process and calibrate the data (Woodhouse, et al 2006). Results showed
that the early 1900s (when Colorado River compact negotiations were occurring) were wetter than the
preceding centuries and that the previous centuries contained many more severe dry years. The long-term
average annual flow was 14.7 MAF/year which is lower than the long-term gaged record mean of 15.1
MAF/year (Figure 3-10).
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Source: From Woodhouse, et al 2006

Figure 3-10
Lees Ferry Reconstruction of Annual Streamflow, 1490 to 1997
(annual values in green and 10-year running mean in black)

In 2007, Meko, et al released a study that extended the reconstructed annual flows at Lees Ferry back to
A.D. 762. The authors used tree rings from remnant preserved wood. This reconstruction used a new
methodology and a set of "nested" models to take advantage of all of the tree-ring data available for
different periods of time. Results showed a drought in the mid-1100s that lasted over 25 years
characterized by a decrease in mean annual flow of more than 15 percent (Figure 3-11).

Source: From Meko, et al 2007.

Figure 3-11
Reconstruction of Streamflow for the Colorado River at Lees Ferry, 762 to 2005
(20-year running mean) (The yellow bar highlights the severe and sustained mid-1100s drought)

The Western Water Assessment group performed a comparison of these two Lees Ferry reconstructions as
well as some older studies (Stockton and Jacoby 1976, Michaelsen et. al, 1990, Hidalgo et. al, 2000).
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They found that the reconstructions generally agree on representations of wet and dry periods on the
Colorado River; however, some of the long-term means and the specific magnitudes of wet and dry
periods were quite different (Figure 3-12). Reconstructions over the last century are very comparable to
one another as they are calibrated to very similar gage records during this period. Prior to that, specific
input data and methods used to generate the reconstructions differ among studies. These differences
include the set of tree-ring data used to generate the reconstruction (locations, species, etc.), the statistical
treatment of the tree-ring chronologies and the regression approach used for the modeling, among other
things. No reconstruction is “right”; however, they are all plausible estimates of past streamflow, with
uncertainties attached to each of the estimates. In general, the most recent reconstructions, having a longer
calibration period (90 to 100 years) than the previous reconstructions (50 years) are likely to be more
reliable (WWA 2010).

Source: The Woodhouse, et al "Lees-A" reconstruction, from WWA 2010.

Figure 3-12
Ten-Year Running Means of Four Lees Ferry Streamflow Reconstructions and the
U.S. Bureau of Reclamation Natural (gaged) Flow Record

These studies indicate the historical observed data was recorded during a relatively wet period. Evaluating
the Colorado River’s ability to meet future deliveries based only on 20th century flows is not conservative.
If the future climate were to revert to average conditions seen in the tree-ring records, inflows to Lake
Powell would be reduced compared to the past century. Couple this with possible reductions in runoff
caused by predicted climate change, and the results could be even more severe.
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Chapter 4
Model Studies of Climate Change Effects
4.1 Colorado River Simulation System (CRSS)
The State of Utah contracted with Reclamation to perform additional simulations with its CRSS model to
support evaluation of the LPP. The model and hydrologic inflows analyzed in the Interim Guidelines EIS
(Reclamation 2007) are summarized in Section 2.3. The model simulates storage effects on Lake Powell
and streamflow effects on the Colorado River with a monthly time-step (Reclamation 2015). Two input
hydrology scenarios similar to those used in the Interim Guidelines EIS were evaluated:


Direct Natural Flow, Index Sequential Method (DNF) – Developed from the observed streamflow
record from 1906 to 2010. This natural flow record was developed by Reclamation and is used
extensively in their hydrologic modeling and EISs. In this inflow scenario, the existing historical
record of natural flows was used to create a number of different future hydrologic sequences
using a resampling technique known as the Indexed Sequential Method (ISM). The ISM results in
a number of different future hydrologic sequences that allows calculation of uncertainty. This
scenario was the primary inflow dataset used for the 2007 Shortage EIS. DNF results in 105
simulated outcomes for each month, which are summarized using non-parametric statistics
including the 10th, 50th, and 90th percentiles.



Climate Change (CC) Inflow Hydrology – This future inflow hydrology scenario uses climate
change projections used in the 2012 Basin Study. The data consist of 112 “traces” of climate
change projections of simulated historic and future monthly streamflow from 1950 to 2099. The
112 streamflow projections were developed using General Circulation Model output of 112 future
projections of temperature and precipitation output; the temperature and precipitation data was
statistically downscaled to a gridded 15km x 15km spatial scale; and then utilized in a hydrologic
model of the Colorado River Basin (Variable Infiltration Capacity, or VIC) to simulate future
runoff1. The 112 projections of gridded future runoff were routed to streamflow at 29 select
natural flow node locations in the Colorado River Basin, and bias corrected against Reclamation’s
historic natural streamflow data. The climate change model results are summarized using nonparametric statistics including the 10th, 50th, and 90th percentiles. Further information on this data
and its use in in Colorado River Basin modeling are available in the Colorado River Basin Water
Supply & Demand Study Final Study Report, Technical Report B – Supply.2
It should be mentioned that the climate change streamflow projections used in this study were
developed using CMIP3 (Coupled Model Intercomparison Project 3) projections of future
temperature and precipitation. Additional climate change projections (CMIP5) for temperature,
precipitation and streamflow have recently become available; however, at the time of this report,
additional analysis and data processing is needed before the CMIP5 data are ready for use in
CRSS. Further information about the CMIP3 and CMIP5 climate and hydrology projections is
available online3.

1

Technical Memorandum on West-Wide Climate Risk Assessments: Bias-Corrected and Spatially Downscaled
Surface water Projections, available at: http://www.usbr.gov/WaterSMART/docs/west-wide-climate-riskassessments.pdf
2
Colorado River Basin Water Supply & Demand Study Final Study Report, Technical Report B – Supply, available
at: http://www.usbr.gov/lc/region/programs/crbstudy/finalreport/index.html
3
Downscaled CMIP3 and CMIP5 Climate Projections, available at: http://gdodcp.ucllnl.org/downscaled_cmip_projections/dcpInterface.html#About.
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4.1.1 Lake Powell Pool Elevation
Figure 4-1 shows the differences using DNF inflow hydrology in Lake Powell pool elevation in
December between the action alternative and the no action alternative at the 10th, 50th, and 90th
percentiles. Prior to the year 2024, there are no differences at any percentile level. Between 2024 and
2060, the differences range between 0.2 feet and 10.3 feet at the 10th percentile, with Lake Powell
elevation being lower in action alternative, with an average difference of 5.0 feet. In general, the pool
elevation differences are larger later in the later modeled years. Differences at the 50th percentile level
during 2024-2060 range from 0.1 feet to 4.4 feet, again with Lake Powell elevation being lower in the
action alternative and with the larger of these differences generally occurring after 2048 and an average
difference of 1.8 feet. Differences at the 90th percentile level range from 0 feet to 0.6 feet with an average
difference of 0.2 feet.

Source: Reclamation (2015)

Figure 4-1
Lake Powell Pool Elevation, DNF Inflow Hydrology, December

Figure 4-2 shows the differences in Lake Powell pool elevation in December between the 86K action
alternative and the no action alternative at the 10th, 50th, and 90th percentiles for the CC inflow scenario.
The CC inflow scenario produces a wider variety and range of inflows, resulting in different future
elevations of Lake Powell when compared with the DNF inflow scenario. Future Lake Powell elevations
under the climate change inflow scenario are generally lower at the 10th percentile when compared with
the DNF inflow scenario. However, overall, the differences between the action and no action alternatives
are similar to those for the DNF simulations. Prior to the year 2024, there are no differences at any
Lake Powell Pipeline
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percentile level and in general, pool elevation differences are larger later in the later modeled years. The
greatest difference for Lake Powell elevation in the CC inflow scenario occurs in the 50th percentile (i.e.,
median elevations), with a maximum simulated difference of 9.7 feet lower in the action alternative and
an average difference of 3.7 feet for the years 2024 to 2060. Differences in the 10th percentile range from
0.1 to 2.0 feet with an average of 0.7 feet lower in the action alternative compared with the no action
alternative. The greatest difference at the 90th percentile elevations is 2.0 feet with an average difference
of 0.3 feet lower in the action alternative compared with the no action alternative.

Source: Reclamation (2015)

Figure 4-2
Lake Powell Pool Elevation, CC Inflow Hydrology, December

Figure 4-3 shows probability of Lake Powell pool elevation being below 3,490 feet (minimum power
pool) in March for the DNF inflow hydrology scenario. March was chosen as this is the month the
reservoir elevation is typically lowest. The action alternative scenario showed one additional trace (out of
105 traces) below minimum power pool in the years 2032 and 2033, representing a 0.1 percent increase in
probability in each of those years. For the other 104 traces (99 percent of traces) in each of those years
there were no differences between the no action and action alternatives.
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Source: Reclamation (2015)

Figure 4-3
Probability of Not Exceeding Minimum Power Pool Elevation in March, DNF Inflow Hydrology

Overall, the probability of not exceeding Lake Powell’s minimum power pool (3,490 feet) in March is
higher in the CC inflow scenario compared to the DNF inflow scenario (Figure 4-4). In addition,
differences between the action and no action alternatives for the CC inflows occur more frequently than
did for the DNF inflows. The action alternative results in slightly higher probabilities (0.9 percent to 2.7
percent higher) of Lake Powell being below minimum power pool in 19 of the 46 years simulated.
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Source: Reclamation (2015)

Figure 4-4
Probability of Not Exceeding Minimum Power Pool Elevation in March, CC Inflow Hydrology

4.1.2 Lake Powell Releases
Figure 4-4 presents Lake Powell water year releases for the DNF inflow hydrology scenario. For the 10th
and 50th percentiles, there are no differences between the action and no action alternatives. For the 90th
percentile, which reflects equalization releases from Lake Powell to Lake Mead or spill avoidance
releases, the largest difference between the action and no action alternatives is approximately 368,400
acre-feet, or approximately 2.8 percent of the annual release, more being released in one year under the no
action alternative. In general the differences are greater in 2048-2060 simulated years, after the pipeline is
at full build-out, and the later years result in the no action alternative releasing slightly more water. Note
that with most Upper Basin depletions held constant at 2015 depletion levels, Lake Powell elevation
increases over time thus resulting in more frequent and higher magnitude equalization and spill avoidance
releases in both the action and no action alternatives.
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Source: Reclamation 2015

Figure 4-5
Lake Powell Releases by Water Year, DNF Inflow Hydrology

Results for CC inflows and Lake Powell water year releases are shown in Figure 4-6. The overall pattern
of releases is different from the DNF inflow scenarios. Although the magnitudes of differences between
the action and no action alternatives are similar to those for the DNF inflow scenario (Figure 4-5), these
differences are seen at both the 10th percentile and the 90th percentile. The maximum difference in any one
year for 10th percentile annual releases is 312,400 acre-feet, or 5.3 percent less being released in the action
alternative. The average difference during the period 2024 through 2060 at the 10th percentile is 94,000
acre-feet less being released in the action alternative. The maximum difference in any one year for 90th
percentile annual releases is 504,400 acre-feet, or 5.5 percent less being release in the action alternative.
The average difference during the period 2024 through 2060 at the 90th percentile is 131,000 acre-feet less
being released in the action alternative.
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Source: Reclamation 2015

Figure 4-6
Lake Powell Releases by Water Year, DNF Inflow Hydrology

4.1.3 CRSS Model Summary
The results from these hydrologic model runs should be interpreted with consideration to the model
assumptions. Unique to this analysis is the model assumption that no new projects or depletions will
occur in the Upper Basin. This model assumption adopts a rigorous definition of what reasonably
foreseeable future depletions are in the Upper Basin and is consistent with DOI NEPA Implementing
Regulations. Under this approach, a reasonably foreseeable future depletion is one which has state
legislation, or a tribal resolution or Federal Indian water settlement, or a Federal finding of no significant
impact (FONSI) or record of decision (ROD). These are the criteria of certainty that a future depletion
would occur at a particular time and place. This is a conservative approach to modeling the alternatives
and takes the strictest approach to defining what is included and excluded for the cumulative impact
analysis required by the Council on Environmental Quality’s regulations 40 CFR 1508.7.4
It is recognized that the Upper Basin States plan to develop their compact allocated Colorado River water
and, as such, it is highly unlikely that depletions will remain at the 2015 level in the future.

4

Cumulative impact is the impact on the environment which results from the incremental impact of the action when
added to other past, present, and reasonably foreseeable future actions regardless of what agency or person
undertakes such actions. Cumulative impacts can result from individually minor but collectively significant actions
taking place over a period of time.
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It should also be noted that the modeling effect of holding most Upper Basin depletions constant at 2015
levels results in depletions significantly lower than the future long-term depletion projections provided by
the Upper Basin States which assume that Upper Basin depletions will grow through 2060. Lower
depletions, in turn, result in Lake Powell’s elevation increasing throughout the model run. Higher
elevations at Lake Powell result in more frequent and higher magnitude equalization and spill avoidance
releases in both the action and no action alternatives.
Note that these model results do not represent what the actual reservoir elevations or releases will be in
any particular year. Model results should be interpreted based on the relative differences between the
action and no action alternatives.
The results presented in this report are the product of statistical analysis performed on model results from
the 105 (DNF) or 112 (CC) model traces. As described in the Post-Processing and Interpretation
Procedures section, the 10th percentile data does not represent any one continuous trace, but rather is a
statistic that summarizes the results of all the traces. Therefore, percentile results presented as a time
series do not represent reservoir operations as they would occur sequentially in response to any particular
inflow hydrology trace. The operational policy assumptions used in the 2007 Interim Guidelines EIS
modeling, and subsequent ROD5 were applied in this study. That is, these model runs implement the
Interim Guidelines through 2026 and revert to the 2007 Interim Guidelines Final EIS No Action
Alternative for model years 2027-2060. The modeled Lake Powell Pipeline begins depleting water in
2024 and is at full build out in 2048 (DNF hydrology) and 2049 (CC hydrology). Thus, for this analysis,
the potential effects of the Lake Powell Pipeline project utilize the Interim Guidelines for only three
years, the first three years of the pipeline when the project is coming on line and pipeline depletions are
lower. The effects of the pipeline at full build out are evaluated under post Interim Guidelines operational
policies.
The model results presented in this report are sensitive to the inflow hydrology assumption. This analysis
evaluated over 200 traces from two inflow assumptions: DNF and CC. The CC inflow scenario generally
produced a wider variety and range of inflows, resulting in a wider range of projected future Lake Powell
elevations and releases when compared with the DNF inflow scenario. In addition, future Lake Powell
elevations and releases modeled under the CC inflow scenario were generally lower compared to the DNF
inflow scenario. Overall, however, the general trend and pattern of differences between the action and no
action alternatives were similar between the DNF and CC inflow scenarios.

4.2 Virgin River Climate Change Analysis
The State of Utah Division of Water Resources coordinated with Reclamation to conduct a statistical
analysis of climate change projections of streamflow in the Virgin River. The future streamflow data used
in the Colorado River Basin Supply and Demand Study (Reclamation 2012a) climate change scenario was
used for this analysis. The only node available on the Virgin River with compatible climate change data
was the Virgin River at Littlefield. The 112 streamflow projections were developed using the statistically
downscaled General Circulation Model output of 112 future projections of temperature and precipitation
as input to the hydrologic model of the Colorado River Basin known as VIC (Variable Infiltration
Capacity) to simulate future runoff. The runoff output was then routed to streamflow at 29 selected
natural flow node locations in the Colorado River Basin, and bias corrected against historical streamflow
5

Record of Decision, Colorado River Interim Guidelines for Lower Basin Shortages and the Coordinated
Operations for Lake Powell and Lake Mead, December 2007, available at:
http://www.usbr.gov/lc/region/programs/strategies/RecordofDecision.pdf
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data. The Period Composite Delta method was utilized to determine potential changes in future
streamflow for the Virgin River at Littlefield. For a detailed description of the Delta method and
variations thereof, please see existing publications on the St. Mary-Milk Basin Study (Reclamation
2010a), the Oklahoma Yield Study (Reclamation 2010b), and the Northwest Area Water Supply Project,
in North Dakota (Reclamation 2012c). The intention of the study is that the percentage change of the
future streamflow of the Virgin River at Littlefield would be applied equally to any of the upstream nodes
on the Virgin River and those in the Virgin River Daily Simulation Model (VRDSM). Table 4-1 shows
the projected future Virgin River flows by month, relative to the base period.

Table 4-1
Projected Future Virgin River Flow
Future Period (2025-2054) relative to Base Period (1950-1999)
10th
Percentile

30th
Percentile

50th
Percentile

70th
Percentile

90th
Percentile

Mean

January

88%

98%

104%

117%

136%

110%

February

83%

98%

109%

139%

167%

123%

March

80%

103%

126%

161%

226%

141%

April

58%

79%

100%

124%

158%

107%

May

41%

59%

72%

91%

119%

77%

June

51%

59%

66%

75%

98%

70%

July

75%

83%

90%

95%

104%

90%

August

79%

86%

93%

98%

119%

95%

September

84%

92%

97%

105%

123%

100%

October

88%

93%

97%

104%

118%

101%

November

90%

94%

98%

102%

111%

100%

December

89%

94%

99%

104%

114%

101%

Annual Sum

72%

86%

97%

114%

141%

104%

Notes: 1) Percentiles are relative to the distribution of 112 climate change simulations
2) From Reclamation 2014

The modeling group at UDWR incorporated the results of the climate change analysis results into the
VRDSM. The 50th percentile climate change results, which show a 4 to 5 cfs decrease in Virgin River
streamflow through 2060 were used. The results showed an overall 11 percent decrease in WCWCD
system yield resulting from climate change (UDWR 2014).
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Chapter 5
Summary and Conclusions
Several studies relating climate change to runoff in the Colorado River Basin were reviewed. Based on
these studies and the latest published synopsis of recent work, global climate models are showing average
temperature increases of approximately 2°C, which imply runoff at Lees Ferry could decline between 4
and 18 percent by 2050 (Hoerling, et al 2009). The more recent SECURE Water Act Report Section
9503(c) (Reclamation 2011a) which analyzed the West Wide Climate Risk Assessments: Bias-Corrected
and Spatially Downscaled Surface Water Projections (Reclamation 2011c), found decade-mean annual
temperatures for the Colorado River at Lees Ferry to increase 3.8°F by 2050 compared to the 1990s and
annual runoff to decrease about 7.4 percent. Most studies that evaluate system responses to climate
induced runoff reductions focus on a 10 percent and 20 percent reduction in flows with no change in
precipitation. If only the current shortage management strategies outlined in the Colorado River Interim
Guidelines for Lower Basin Shortages EIS (Reclamation 2007) are adhered to, a 10 percent reduction in
runoff results in a 26 percent chance that Lake Powell would go dry (active reservoir storage depleted) at
least once by 2056 as compared to a 7.5 percent chance with no runoff reductions (Rajagopalan, et al
2009). There is potential for frequent shortages of 1-million acre-feet (MAF) by 2060 under these
conditions (Barnett and Pierce 2009b).
The current guidelines for Lower Basin Shortages and operations of Lake Powell and Lake Mead impose
shortages on the Lower Basin states based on storage elevations of Lake Mead. Proposed operations of
Lake Powell were designed to avoid curtailment of Upper Basin users and to minimize the shortages in
the Lower Basin. The Colorado River Compact provides an allotment of 1.73 MAF per year to the State
of Utah; however, Utah has already reduced its operating assumption of Colorado River yield by
approximately 20 percent to about 1.4 MAF per year. Additional potential future curtailments could affect
deliveries through the Lake Powell Pipeline, although the intake elevation of the pipeline is low enough to
physically receive water from the reservoir under the most dire storage scenario. As noted in the
Rajagopalan and the Barnett and Pierce studies, changes in management practices would certainly occur
before Lake Powell would dry up. Rajagopalan suggests that aggressive shortage and demand
management could reduce the risk. Other effective management strategies could include a program of
water reuse, conservation, transfers between users, or other measures (Barnett and Pierce 2009b, NAS
2007). The extent to which the LPP project would be affected would depend on the management
strategies adopted.
In the event of shortages resulting from future climate changes, the Secretary of the Interior would
operate the Colorado River to manage the supply for the benefit of water users and to meet obligations
detailed in the Interim Guidelines EIS (Reclamation 2007). Water deliveries would be curtailed by each
state under an average of shortages. The effects of shortages on water users within each state would be a
state engineer responsibility.
The LPP study area portion of the Virgin River Basin is located in the upper-most part of Reclamation’s
Lower Basin region. The predicted 2050 to 2079 mean temperature for this area is 2.5 to 2.7°C (4.5 to
5°F) warmer than the 1950 to 1979 historical mean (Reclamation 2009a). This is similar to that in the
Upper Colorado Basin. It is likely that runoff would be reduced for this basin as it is for the Upper
Colorado Basin. Reclamation and the State of Utah Division of Water Resources coordinated to conduct a
statistical analysis of climate change projections of future streamflow in the Virgin River (Reclamation
2014). Future streamflow data used in the Colorado River Basin Supply and Demand Study climate
change scenario was also used in this analysis (Reclamation 2012a). The data consisted of 112 “traces” of
climate change projections of monthly streamflow between 1950 and 2099 for the Virgin River at
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Littlefield gage. While there is high variability in the results of this study the mean and median simulated
projected flows for the 2025-2054 future period do not vary substantially from the base flows on an
annual basis (plus 4 percent and minus 3 percent, respectively). However, flows in the peak runoff
months of May, June and July are reduced up to 34 percent (June 50th percentile; see Table 4-1) and
winter months have significant increases in flows. The lower flows in the high demand months could
significantly impact the WCWCD water supply. When the 50th percentile flow reductions are applied to
the State of Utah’s VRDSM, total yield for WCWCD is reduced by 11 percent (UDWRe 2014).
In conclusion, Colorado River Basin studies project inflow to Lake Powell is likely to decline in the
future resulting from climate change. Streamflow in the Virgin River is likely to decline during the
summer months. Reduced inflow to Lake Powell could have detrimental effects on storage levels if
stringent shortage and demand management strategies are not implemented. It is unknown at this time
what impacts such management strategies might have on the State of Utah or the LPP Project. The LPP
Project intake would be designed at an elevation which would be physically capable of receiving water in
times of low storage. There are currently no plans to curtail Upper Basin States’ water use beyond what is
required by the Colorado River Compact.
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Abbreviations and Acronyms

Abbreviation/Acronym
AWWA
Basin
cfs
CICWCD
Commission
CRRM
CRSS
CWCB
DNF
DP
EIS
EPA
GCM
IPCC
ISM
kaf
LPP
LTRR
M&I
MAF
MSL
MWH
NAS
NPC
NWSRFS
PCM
PDSI
PNAS
Reclamation
SAC
UDWR
VRDSM
USBR
VIC
WCWCD
WEAP
WWA
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Meaning/Description
American Water Works Association
Colorado River Basin
cubic feet per second
Central Iron County Water Conservancy District
Federal Energy Regulatory Commission
Colorado River Reservoir Model
Colorado River Simulation System
Colorado Water Conservation Board
Direct Natural Flow
Direct Paleo
Environmental Impact Statement
Environmental Protection Agency
Global Circulation Models
Intergovernmental Panel on Climate Change
Index Sequential Method
thousand acre-feet
Lake Powell Pipeline
Laboratory of Tree-Ring Research
Municipal and Industrial
million acre-feet
mean sea level
Montgomery Watson Harza
National Academy of Sciences
nonparametric paleo-conditioning
National Weather Service River Forecasting System
Parallel Climate Model
Palmer Drought Severity Index
Proceedings of the National Academy of Sciences
U.S. Bureau of Reclamation
Sacramento Soil Moisture and Snow-17
Utah Department of Water Resources
Virgin River Daily Simulation Model
U.S. Bureau of Reclamation
Variable Infiltration Capacity
Washington County Water Conservancy District
Water Evaluation and Planning
Western Water Assessment
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List of Preparers

Name
Degree(s)
MWH Consultant Team
Lisa Fardal
M.S. - Civil Engineering
MWH, Inc.
B.A. - Biology
B.A. – Environmental Studies
Edwin Paulson
M.S. – Water Resources
MWH, Inc.
B.A. – Civil Engineering
Brian Liming
M.S. – Civil and Environmental
MWH, Inc.
Engineering
B.S. – Ecosystems Analysis
Diana Barnes
A.A. – Secretarial Science
MWH, Inc.
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