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Abstract

In the Upper Colorado River Basin (UCRB), the principal source of water in the southwestern U.S., demand exceeds supply in
most years, and will likely continue to rise. While General Circulation Models (GCMs) project surface temperature warming
by 3.5 to 5.6uC for the area, precipitation projections are variable, with no wetter or drier consensus. We assess the impacts
of projected 21st century climatic changes on subbasins in the UCRB using the Soil and Water Assessment Tool, for all
hydrologic components (snowmelt, evapotranspiration, surface runoff, subsurface runoff, and streamflow), and for 16 GCMs
under the A2 emission scenario. Over the GCM ensemble, our simulations project median Spring streamflow declines of
36% by the end of the 21st century, with increases more likely at higher elevations, and an overall range of 2100 to +68%.
Additionally, our results indicated Summer streamflow declines with median decreases of 46%, and an overall range of
2100 to +22%. Analysis of hydrologic components indicates large spatial and temporal changes throughout the UCRB, with
large snowmelt declines and temporal shifts in most hydrologic components. Warmer temperatures increase average
annual evapotranspiration by ,23%, with shifting seasonal soil moisture availability driving these increases in late Winter
and early Spring. For the high-elevation water-generating regions, modest precipitation decreases result in an even greater
water yield decrease with less available snowmelt. Precipitation increases with modest warming do not translate into the
same magnitude of water-yield increases due to slight decreases in snowmelt and increases in evapotranspiration. For these
basins, whether modest warming is associated with precipitation decreases or increases, continued rising temperatures may
make drier futures. Subsequently, many subbasins are projected to turn from semi-arid to arid conditions by the 2080 s. In
conclusion, water availability in the UCRB could significantly decline with adverse consequences for water supplies,
agriculture, and ecosystem health.
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Introduction

The Colorado River is perhaps the most important source of

water in the western United States, providing water to 30 million

people, irrigating over 16,000 km2 of agricultural land, and

producing over 8 billion kilowatt hours of hydroelectric power

annually [1]. High water demand, decades of national and

international treaties, and over 40 major dams render the

Colorado River Basin (CRB) perhaps the most regulated

watershed on Earth. With water supply and demand already in

a tenuous balance in the CRB, the ability of the United States

Bureau of Reclamation (USBR) as well as other state and

municipal agencies to meet future water-delivery requirements

and basic ecological needs in the CRB is imperiled by both

climatic variability and change, as well as rising human demands

on Colorado River water. Periods of drought are part of the

natural climatic variability in the region. The current drought,

which started in 1999 and is ongoing through the time of this

writing, has exacerbated concerns by the USBR [2–5]. From 2000

to 2011, estimated unregulated streamflow entering Lake Powell,

which is located directly upstream of Lee’s Ferry, Arizona, was

above average for only three years (2005, 2008, and 2011) [5].

Although a shortage of water delivered to the Lower Colorado

River Basin has not been declared to date, in 2009 some local

water-resources agencies were experiencing reduced water deliv-

eries to their customers owing to precipitation declines in the

previous years [6]. For example, the Metropolitan Water District

of Southern California had to ration water to its customers in 2009

for the first time in nearly 20 years [6]. Further, local water-

resources agencies have implemented programs to fallow land in

agricultural areas, transferring the water to urban areas in need

and reducing agricultural production. Regional studies for the

western US, including the CRB, have documented warmer air

temperatures of 1–2uC over the past several decades in the region

[7]. These warmer air temperatures are connected to decreases in

streamflow and shifts in snowmelt-runoff timing to earlier in the

Spring, thereby depleting streamflow during the Summer season at

the peak of water demands [8–12]. Moreover, populations in

Arizona, California, and Colorado are expected to grow from

2010 to 2030 by 61, 22, and 19%, respectively, leading to a

potential water-demand increase of approximately 6.2 BCM [6].

Demands for other water uses including environmental, recrea-

tional, and Native American water-rights settlements are also

expected to grow.
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The prospect of anthropogenic climatic changes affecting water

availability in the CRB has been of great concern, and thus has

been examined by many prior studies [1,13–18]. While these

studies are in general agreement that air temperatures will warm

2–6uC between 1990 and 2100 in the CRB, depending on the

General Circulation Model (GCM) and emission scenario, the

direction, magnitude, and spatial distribution of precipitation

changes have been the subject of much debate. Generally,

projected warmer air temperatures across the mountainous

western United States, including the CRB, have been connected

to a further increasing rain-to-snow ratio in precipitation,

substantially decreased future snowpacks that ripen and melt

earlier and drive advances in streamflow timing and runoff peaks,

increased evapotranspiration (ET) during the warmer months, and

decreased Summer season and annual streamflow. Precipitation

changes, however, are primarily connected to the volume and

seasonality of streamflow [14,19–21].

Early scenario-based studies of the impacts of climatic change

on water availability in the CRB suggested streamflow reductions

of 30% or more [15]. More recent studies based on GCM outputs

continue to suggest that the CRB is likely to become drier, albeit to

a lesser degree, with mean streamflow reductions between 10–30%

over the next 30–90 years [14,16–18,22]. Other studies project a

declining snowpack of approximately 30% by the end of the 21st

century as compared to historical volumes, with extremely large

declines at the lower elevations [13,14]. Seager and Vecchi [18]

found that future declines in winter snowpack may be the result of

a pole-ward shift of the winter Pacific storm track. Christensen and

Lettenmaier [23], who used output from an ensemble of 11 GCMs

and the macro-scale Variable Infiltration Capacity (VIC) runoff

model, noted modest precipitation declines of 1–2% for the A2

high greenhouse gas emission scenario. The authors found that

increased evaporation from warmer temperatures had a greater

effect on streamflow than precipitation changes. Very recent

studies [1,24] have cautioned against the unequivocal acceptance

Figure 1. Upper Colorado River Basin study area showing calibration sites, investigated regions, and examined outlets.
doi:10.1371/journal.pone.0071297.g001
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of the prevailing thought that the CRB will experience future

streamflow-volume declines. A study by the USBR [24] found that

for mountainous basins, the ensemble mean of downscaled climate

projections indicate increases in Winter season precipitation.

Harding et al. [1] used 112 scenarios and an ensemble of 16

GCMs to drive a macro-scale VIC hydrologic model. They found

a range of potential streamflow changes from approximately 230

to 30%, where two-thirds of the ensemble runs resulted in

decreases in streamflow, with the remainder showing little change

or increases. The work by Harding et al. [1] illustrates that

analysis results relying on few scenarios or models may be greatly

influenced by model and scenario selection. Harding et al. [1] also

note that the geography and topography of the CRB further

complicates the understanding of hydrologic responses to future

climatic changes. The northern, high-elevation, water-producing

regions of the UCRB lie in a boundary region [17,18,22],

separating an area to the north, for which precipitation increases

are projected, from a region to the south, where GCM outputs

forecast decreases in precipitation. These processes are compli-

cated further by periodic depositions of dust [25,26], which

hastens snowmelt and changes basin water-volume efficiency.

Even though current state-of-the-art climate models are not able

to resolve the direction and magnitude of precipitation changes for

the CRB under global warming conditions, and therefore the

nature of the hydrologic response with certainty, current

understanding may be leveraged to determine potential futures.

One goal of this study is to determine the effects of projected

climatic changes on individual hydrologic components (snowmelt,

groundwater, soil-water storage, surface runoff, and ET) at the

smaller subbasin scale ranging from 1 to 2,000 km2 for the CRB.

Prior studies have focused on macro-scale approaches. The future

hydrologic response to climatic changes throughout the CRB is

likely to differ between subregions owing to differences in

elevation, soils, geology, and vegetation. As an example, subbasins

at high elevations are likely to be highly dependent on snowmelt

for streamflow generation [27], and subbasins with large soil-

column depths are likely to be able to hold more soil-water than

subbasins with smaller soil-column depths [21]. Thus, results

produced at the subbasin scale can aid in understanding the

difference in hydrologic response and in producing more realistic

estimates of future water availability within basins. Another goal of

this work, then, is to contribute to the understanding of the

interaction of climate variability and change and the resultant

spatially varying hydrologic fluxes contributing to water availabil-

ity throughout the CRB. To this end, we assess the effects of

expected climatic changes in the CRB for all hydrologic flow

components at the subbasin scale by using the statistically

downscaled output for an ensemble of 16 GCM models and one

greenhouse gas emission scenario (A2) to drive the Soil and Water

Assessment Tool (SWAT; [28]). The ensemble output enables us

to assess the range of possible futures. SWAT has been successfully

employed to assess water supplies in many regions of world

[21,29,30] but has yet to be applied in the Colorado River Basin.

As a large portion (,85%) of the streamflow in the CRB is

generated in the Upper Colorado River Basin (UCRB) above

Lee’s Ferry, Arizona [23], this study is confined to the UCRB.

Methods

Study area
The entire CRB spans much of the southwestern United States,

providing water resources to seven U.S. states (Arizona, California,

Colorado, Nevada, New Mexico, Utah and Wyoming) and

Mexico. Climate varies considerably throughout the UCRB,

varying from alpine conditions in the north and east to arid/semi-

arid conditions in the south and west. 64% of the UCRB is arid or

semi-arid with an average precipitation of 24 cm/year over a

190,000 km2 area. The Colorado River flows about 1,400 km

from its headwaters in Wyoming and Colorado to the Gulf of

California. Average annual temperature throughout the URCB is

approximately 6uC and annual precipitation ranges from 100 cm

or more in the east to less than 25 cm in the west. Precipitation in

the southern portion of the UCRB is dominated by the late-

Table 1. General Circulation Models used in the study.

IPCC model ID Modeling Group and Country Reference

BCCR-BCM 2.0 Bjerknes Centre for Climate Research Furevik et al. 2003 [64]

CGCM3.1 (T47) Canadian Centre for Climate Modeling & Analysis Flato and Boer 2001 [65]

CNRM-CM3 Météo-France/Centre National de Recherches Météorologiques, France Salas-Mélia et al. 2005 [66]

CSIRO-Mk3.0 CSIRO Atmospheric Research, Australia Gordon et al. 2002 [67]

GFDL-CM2: 2.0, 2.1 US Dept. of Commerce/NOAA/Geophysical Fluid Dynamics Laboratory, USA Delworth et al. 2006 [68]

GISS-ER NASA/ Goddard Institute for Space Studies, USA Russell et al. 1999, 2000 [69,70]

INM-CM3.0 Institute for Numerical Mathematics, Russia Diansky and Volodin 2002 [71]

IPSL-CM4 Institut Pierre Simon Laplace, France IPSL 2005 [72]

MIROC3.2
Center for Climate System Research (The University of Tokyo), National Institute for
Environmental Studies, and Frontier Research Center for Global Change (JAMSTEC),
Japan

K-1 model developers 2004 [73]

ECHO-G
Meteorological Institute of the University of Bonn, Meteorological Research Institute
of KMA

Legutke and Voss 1999 [74]

ECHAM5/MPI-OM Max Planck Institute for Meteorology, Germany Jungclaus et al. 2006 [75]

MRI-CGCM2.3.2 Meteorological Research Institute, Japan Yukimoto et al. 2001 [76]

CCSM3 National Center for Atmospheric Research, USA Collins et al. 2006 [77]

PCM National Center for Atmospheric Research, USA Washington et al. 2000 [78]

UKMO-HadCM3 Hadley Centre for Climate Prediction and Research/Met Office, UK Gordon et al. 2000 [79]

doi:10.1371/journal.pone.0071297.t001
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Summer monsoon. High elevation snowpack in the Rocky

Mountains contributes about 70% of the annual streamflow, and

thus streamflow-runoff timing is dominated by Spring snowmelt

[14]. Elevation ranges from approximately 4,300 meters in the

northeastern portion of the UCRB to 1,200 m in the southwestern

portion of the URCB near Lee’s Ferry on the Colorado River

(Figure 1). Land cover is dominated by rangeland and evergreen

forest, which covers approximately 65 and 25% of the total UCRB

land cover, respectively. The outlet for the UCRB for this study is

the Lee’s Ferry, Arizona gauge on the Colorado River (USGS#
09380000).

Input data
Climatic projections from 16 GCMs and one Intergovernmen-

tal Panel on Climate Change (IPCC) greenhouse gas emission

scenario (A2 (high emissions)) were used as climatic inputs to a

calibrated SWAT model (Table 1). The use of multiple GCMs and

scenarios allows the assessment of uncertainty around the median

projection, providing more quantitative information for climate-

change-impact studies [31]. Only one, intended to be the most

‘pessimistic’ high-emission A2 scenario, is considered for this

study. However, present-day CO2 emissions exceed the IPCC A2

emission scenario, meaning that the A2 scenarios can no longer be

considered ‘‘pessimistic’’ [32,33], but now represent a conservative

estimate of the future. All GCM output was extracted from the

World Climate Research Programme’s (WCRP’s) Coupled Model

Intercomparison Project phase 3 (CMIP3) [31] and interpolated to

a 2u grid, which was then statistically downscaled using the bias-

correction and spatial disaggregation (BCSD) method of Wood

et al. [34,35]. This disaggregation method has been used

throughout the western United States [36–42]. Data include daily

precipitation, maximum and minimum temperature, and wind

speed from 1950 to 2099. New IPCC emissions scenarios have

been developed [43], but comprehensive GCM output was not

available when this research was undertaken. Early research

comparing the newer Coupled Model Intercomparison Project

phase 5 (CMIP5) climate models projections with CMIP3, for

emissions pathways that most closely resemble A2 and B1

(specifically, the representative concentration pathways RCP 8.5

and RCP 4.5, respectively), show overall consistency between

CMIP3 and CMIP5 especially with regard to warming trends,

though some of the projections for reduced precipitation in the

CRB may be tempered [44].

Input data needed for the SWAT hydrologic simulations are

given in Table 2. The USBR natural flow data used for streamflow

calibration are derived from climate/runoff relationships and is

the streamflow that would occur if no reservoirs were present and

Table 2. SWAT input data for historic and future scenarios for the Upper Colorado River Basin.

Description Reference Application Source

30 meter Digital Elevation Model Gesch et al., 2002 [80] Watershed delineation
and stream slopes

http://ned.usgs.gov/

National Land Cover
Database

Homer, 2001 [81] Land use properties http://www.mrlc.gov/

State Soil Geographic
Database (STATSGO)

Wolock, 1997 [82] Soil properties http://soildatamart.nrcs.usda.gov/

1/8 degree resolution
daily climate data

Maurer et al., 2002 [47] Precipitation, maximum
and minimum
temperature,
wind speed input data

http://www.engr.scu.edu/,emaurer/data.shtml

Unimpaired observed
streamflow data

USBR, 2005 [45];
Slack et al., 1993 [46]

SWAT model
calibration

http://www.usbr.gov/lc/region/g4000/NaturalFlow/

http://pubs.usgs.gov/wri/wri934076/1st_page.html

doi:10.1371/journal.pone.0071297.t002

Table 3. Description of aridity indices ranges [60].

Moisture regime Description Aridity Index value

Hyper-arid Drylands with few scrubs ,0.03

Arid Pastoralism and no farming except with irrigation 0.03–0.20

Semi-arid Can support rain-fed agriculture 0.20–0.50

Sub-humid Can sustain agriculture for 180–280 growing days 0.50–0.75

Humid Rain forests and derived savannahs .0.75

doi:10.1371/journal.pone.0071297.t003

Table 4. Average subbasin streamflow changes (in percent)
for the Upper Colorado River Basin.

Annual* Spring Summer

2050s 2080s 2050s 2080s 2050s 2080s

1st Quartile 244 250 261 266 269 275

Median 219 223 236 244 246 255

3rd Quartile 15 15 2 213 25 214

*Percent change at Lee’s Ferry, the outlet of the Upper Colorado River Basin.
doi:10.1371/journal.pone.0071297.t004
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no streamflow diversions were occurring [45]. The United States

Geological Survey (USGS) Hydro-Climatic Data Network stream-

flow data, also used for streamflow calibration, is a streamflow and

water quality dataset specifically developed for the study of

surface-water conditions throughout the United States under

fluctuations in the prevailing climatic conditions and hence

suitable for climate-change studies [46]. Daily climate data from

1949 to 2005, including precipitation, maximum and minimum

temperature, and wind speed, were obtained from gridded

observed meteorological data [47].

Hydrologic model
SWAT is a basin-scale model designed to simulate watershed

and water-quality processes, simulating the entire hydrologic cycle,

including surface runoff, snowmelt, lateral soil flow, ET, infiltra-

tion, deep percolation, and groundwater return flows. For this

study, surface runoff was estimated using the Soil Conservation

Service Curve Number [48]. Any water that does not become

surface runoff enters the soil column. Soil-water can be removed

by ET, deep percolation into the deep aquifer, or move laterally in

the soil column for streamflow contribution [49]. In SWAT, a

deep aquifer is a confined aquifer and is assumed to contribute to

streamflow outside of the watershed of interest [49]. Groundwater

contribution to streamflow can be generated from shallow and

deep aquifers and is based on the groundwater balance. The

Penman-Monteith method was used to estimate ET [50,51].

Relative humidity and solar radiation inputs were generated based

on nearby weather gauges using the built-in SWAT stochastic

weather generator. SWAT uses a temperature index-based

approach to estimate snow accumulation and snowmelt processes

based on the work of Fontaine et al. [52]. The model was run at a

monthly time step for historic (1960-1990) and future climate

scenarios (2040–2099). A technical description of SWAT can be

found in Neitsch et al. [49].

This study employs simplifying assumptions. We assume

constant land use/land cover throughout the 21st century, as we

are modeling the upper and more remote regions of the CRB only,

and land use/land cover change scenarios for the UCRB were not

available. We do recognize that land cover changes resulting from

climatic changes and other human activity may affect the

hydrology in ways that are not considered here. We also assume

a constant atmospheric CO2 concentration within SWAT

throughout all model simulations. The effect of CO2 on plant

growth and transpiration, and thus ET, can be significant or

moderate for highly vegetated watersheds [53–56], and therefore

the decreases in streamflow and hydrologic components can be

assumed to be conservative estimates and would be higher than if

modeled with the effects of CO2. Additionally, SWAT has a

simplified groundwater algorithm where groundwater contributes

to streamflow only if the water stored in the shallow or deep

aquifer exceeds a specified water table height [49].

Hydrologic model calibration and validation procedure
An automated calibration technique using the program

Sequential Uncertainty Fitting Version 2 (SUFI-2; [57]) was used

to calibrate SWAT at 46 naturalized and unimpaired streamflow

outlets within the UCRB (Figure 1). These outlets include gauges

on the main stem rivers and tributaries and in many locations and

elevations throughout the UCRB. Using SUFI-2, sensitive initial

and default parameters relating to hydrology were varied

simultaneously until an optimal solution was met. It should be

noted that owing to the automatic calibration process, where each

streamflow gauge is weighted equally towards a final Nash-

Sutcliffe (NS; [58]) objective function, and the use of global

parameters in SWAT, calibration results for individual gages may

be less optimal as compared to calibrations for individual

watersheds.

Three model-efficiency statistics were used to assess model

performance: [1] the coefficient of determination (R2), [2] a

modified efficiency criterion (w; [59]), and [3] the NS coefficient. w
is the coefficient of determination, R2, multiplied by the slope of

the regression line, b. This function accounts for the difference in

the magnitude of two signals (captured by b) as well as their

dynamics (captured by R2). For R2, w, and NS, a perfect simulation

is represented by a value of 1. A split-sample approach was used

for calibration and validation with the calibration and validation

years differed at each outlet depending on streamflow data

availability (Table S1). A model warm-up time period of one year

was used from 1949–1950. A complete description of the

calibration procedure can be found in our previous Sierra Nevada

SWAT paper [21].

Data Analyses
Statistical Analyses. The impact of potential climate change

on streamflow and hydrologic components was evaluated by

comparing simulations using the GCMs in Table 2 in Ficklin et al.

[21] under the A2 emission scenario for two future time periods:

2050s (2040–2069) and 2080s (2070–2099) to those of the

historical time period (1960–1990). Precipitation, temperature,

and streamflow projections are presented as the median, 1st

quartile (25th percentile), or 3rd quartile (75th percentile) values of

the GCM ensemble. When describing the average of a time period

(i.e. 2050 s), this value is the average of the medians or quartiles for

that time period (average of median output for all Spring seasons,

for example). t-tests for dependent samples were used to compare

climate change and historical time periods with a target level of

significance of a = 0.05. The Pearson correlation coefficient was

used to measure the correlation between hydrologic component

changes during the 2050 s and 2080 s under the A2 emission

scenario with a target level of significance of a = 0.05. Spring

season is defined as April, May, and June; Summer season is

defined as July, August, and September. Hydrologic changes were

summarized for the Spring and Summer seasons because they are

important for aquatic species (spawning and migration) and for

agricultural, industrial, and urban water use, as these are the

seasons when reservoirs are replenished and the need for water is

greatest, respectively.

Hydrologic Component Index. To determine the relative

contribution of hydrologic components towards streamflow in a

subbasin, the hydrologic component index (HCI) was developed

by Ficklin et al. [21]. The HCI is the amount of annual snowmelt

divided by sum of the annual surface and subsurface flows (lateral

soil and groundwater flows). Thus, a value over 1 indicates that a

large portion of streamflow is from snowmelt, whereas a value less

than 1 indicates that most of streamflow originates from surface

and subsurface flow. This index is useful in demonstrating where

streamflow is being originated and is useful for determining regime

shifts in the hydrology of a basin (i.e. from snow-dominated to

rain-dominated) under a changing climate.

Aridity Index. The United Nations Educational, Scientific

and Cultural Organization (UNESCO) aridity index (AI) was used

to assess the degree of dryness for each subbasin. This AI is based

on the ratio between annual precipitation to annual potential ET

[60]. There are a number of different methods to estimate AI; the

established UNESCO AI allows for comparison to other studies

and allows the user to determine the moisture and vegetation

regime of a basin and its evolution over time (Table 3).

Colorado River Basin Hydrology with Climate Change
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Results and Discussion

Hydrologic simulations
Overall, the model efficiency statistics indicate a satisfactory

calibration (Table S1). The term ‘‘satisfactory’’ was based on the

model efficiency requirements assessed by Moriasi et al. [61],

where a calibration with NS value .0.5 (with other efficiency

statistics used for confirmation) was considered to be a satisfactory

calibration. The average NS coefficient for the calibration and

validation periods was 0.71 and 0.72, respectively, with a standard

deviation of 0.1 for both time periods. The lowest NS values were

found in the tributaries and headwaters within the CRB. The

Figure 2. Quartiles of the projected annual temperature and precipitation change for the Upper Colorado River Basin region. The
gray polygon indicates the location of the Upper Colorado River Basin study area.
doi:10.1371/journal.pone.0071297.g002
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average of R2 for the calibration and validation time periods was

0.79 with a standard deviation of 0.1. Average w for the calibration

and validation time period was 0.67 and 0.69, respectively,

indicating that the SWAT model adequately captured the natural

monthly streamflow variability.

For further validation, we calculated the differences between

streamflow derived from the GCM-driven median historical

simulations (1960–1990) and observed streamflow values for the

historical time period (1960–1990) at four major outlets in the

URCB (Colorado River at Lee’s Ferry, Arizona, San Juan River

near Bluff, Utah, Colorado River near Cameo, CO, and Green

River at Greendale, Utah) (Figure 1). Our calculations showed

that the differences between observed and GCM-driven historic

Figure 3. Median and quartile hydrographs of the selected outlets shown in Figure 1.
doi:10.1371/journal.pone.0071297.g003
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simulated climate were negligible, with an average annual percent

difference of less than 10%.

GCM projections
Downscaled output of the GCM ensemble for the CRB

indicated that air temperature is highly likely to increase under

the A2 emission scenario (Figure 2), with median projections that

suggest a spatially uniform average UCRB warming of 4.7uC by

the end of the century as compared to the 1960–1990 air

temperature average. The 1st and 3rd quartiles of the GCM

projections indicated an overall warming of the UCRB, with a

temperature increase of 3.7 and 5.4uC, respectively. These

projections were in agreement with prior studies, which point to

average temperature increases from 1.2 to 6.2uC by 2100 for a

wider range of emissions scenarios than considered here [1,18,23].

Downscaled projections of precipitation, however, varied

substantially among GCMs with variations in both precipitation

volume and spatial patterns (Figure 2). The median of the GCM

projections indicated small (,65%) increases and decreases in

precipitation throughout the UCRB with increases mostly at

higher elevations and an overall average decrease in precipitation

of approximately 5% compared to historical volumes. Extreme

decreases (.15%) in precipitation were projected for many lower

and southern portions of the UCRB for the 1st quartile of GCMs,

with an UCRB average decrease of 15% (Figure 2). Conversely,

precipitation increases throughout the UCRB were found for the

3rd quartile projections, with an average increase of 12% for the

A2 emission scenario. The largest increases (15–25 %) were

projected for the northernmost portion of the UCRB (Figure 2),

while for the southern two-thirds of the UCRB precipitation

increases of up to 10% were found. The magnitude and range of

projected precipitation changes were in agreement with other

recent CRB studies [1,18,23].

Future hydrology
Changes in streamflow volume and timing. The GCM-

projected changes in precipitation and temperature drive changes

and shifts in streamflow and other hydrologic components.

Average annual streamflow decreased for the A2 emission scenario

at the Lee’s Ferry outlet (the outlet for the entire UCRB) (Figure 1)

by 19 and 23% for the 2050 s and 2080 s, respectively, based on

the historical annual streamflow average of 585 m3/s (Table 4).

Additionally, the hydrologic output from the GCM ensemble

range indicated a projected decrease of 44% for the 1st quartile

and an increase of 15% for the 3rd quartile during the 2050 s

compared to the historical average at the Lee’s Ferry outlet

(Table 4). For the 2080 s, results indicated a 50% decrease in

streamflow for the 1st quartile of the GCM ensemble precipitation

projections and a 15% increase for the 3rd quartile (Table 4). All

differences between mean historical and mean future streamflow

projections at the Lee’s Ferry outlet were found to be statistically

significantly different at a= 0.05. These values are within the

range of future projected decreases found in other CRB studies

[1,14,23,62,63], and lower than those by Milly et al. [17], and

Seager et al. [22].

In addition to changes in streamflow volume, the SWAT model

projected systematic advances in the timing of runoff through the

end of the century. Figure 3 displays the average hydrographs and

propagation of streamflow changes from the headwaters to the

Lee’s Ferry outlet (see Figure 1 for outlet locations) for the 2050 s

and 2080 s. For the northern UCRB, model results suggested a

streamflow timing shift of up to 1–2 months earlier for the 2050 s

and 2080 s with concurrent increases in annual flow volume by

approximately 25%. As the median projected precipitation

decreases in this region were generally less than in the southern

UCRB (Figure 2), the changes in hydrology in the northern

UCRB are likely predominantly connected to increased temper-

atures, and manifest as shifted snowmelt timing, rather than

changes in precipitation. Results for the southern UCRB pointed

to decreases in future annual streamflow volume (,15% decrease

in streamflow ensemble median) driven by the projected decreases

in precipitation and the regional warming shown in Figure 2. The

results indicated by the quartile ranges in Figure 3 signified large

variations in possible hydrologic futures based on the differences in

Figure 4. Subbasin historical streamflows of the Upper Colorado River Basin.
doi:10.1371/journal.pone.0071297.g004
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GCM projections, with decreased average monthly flows by 40%

for the 1st quartile relative to the mean and increased average

monthly flows by 95% for the 3rd quartile (mainly from increased

precipitation and large peak streamflow runoff shifts into the

Winter and Spring) for the northern UCRB. In the southern

UCRB, results implied a 44% decrease for the 1st quartile and

81% increase for the 3rd quartile. Thus, while the median of model

results indicated an overall decrease in streamflow volume for both

future time periods, GCM ensemble members exist that suggest

scenarios of large streamflow increases for the UCRB. These

projected streamflow increases for the 3rd quartile were largely due

to increased precipitation (,20–25% compared to historical

averages) and shifted streamflow timing towards earlier in the

year for hydrologic components as discussed below.

The shifts in seasonality projected for the major outlets shown in

Figure 3 exhibited significant spatial variability when considered at

the subbasin scale. Consistent with the expected future warmer

temperatures and the advanced streamflow timing shown in

Figure 3, the Winter season (not shown) median projected average

subbasin streamflow decreased during the 2050 s and 2080 s by 1–

2%, with decreased 1st and 3rd quartile streamflow of ,1 and 3–

6%, respectively. For the critical Spring and Summer seasons, the

historical flows are displayed in Figure 4, while the median, 1st and

3rd quartile changes are shown in Figures 5 and 6. Historically,

natural streamflow has been approximately twice as large in

Spring as compared to Summer, with flows of about 1,200 and

600 m3/s, respectively, at Lee’s Ferry. High flows in the main

channels were in contrast to very low flows in surrounding

subbasins. For the Spring season, projected streamflow declined

for many of the southern and western UCRB subbasins, with some

increased streamflow likely in the highest eastern and some

northern portions of the watershed (Figure 5). According the

model results for the Spring season, large declines are expected for

the 2050 s and 2080 s, especially for the median and 1st quartile

projections (Table 4). For the 3rd quartile, projected Spring

streamflow increased by 2% during the 2050 s and declined by

13% during the 2080s (Table 4).

For the Summer season, streamflow is projected to decline

significantly from historical levels for all but 10 of the 1,152

subbasins during the 2080s, as suggested by the median of the

simulations (Figure 6). Simulations projected large declines in

Summer streamflow for the median and 1st quartile, and a

moderate decline for the 3rd quartile (Table 4). Summer flows in

22% of the URCB subbasins were projected to decrease by more

than 90% during the 2080 s under the GCM median projections.

The greatest declines are expected in the southeastern portion of

Figure 5. Spring median and quartile subbasin streamflow changes for the 2050 s and 2080 s for the Upper Colorado River Basin
under the A2 emission scenario.
doi:10.1371/journal.pone.0071297.g005
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the UCRB and some of the western and northern headwaters. The

smallest decreases, taking place in the southwest portion of the

UCRB, were due to a nominal change of Summer contributions of

groundwater and lateral soil flow (see below). For the Summer 1st

quartile, the projected decline was statistically significant through-

out the study area, while for the Summer 3rd quartile, some

projected increases were found in the southwestern and eastern

portions of the UCRB. It is important to note that historically

extremely low flows in the small tributaries have been prevalent

during the Summer months, thus large decreases in summer

streamflow may only represent a small volume of water in most

cases. While this volume of water may not necessarily be

important in terms of water resource supplies, it is likely to play

a significant role in maintaining ecosystem health for small

tributaries in the UCRB.

Spatial and seasonal changes in hydrologic

components. Analyzing the spatial distribution of individual

hydrologic components and their changes indicated distinct

hydrologic regimes within the UCRB. Subbasin average snowmelt

decreases of 62 and 71% were projected for the 2050 s and 2080 s

relative to the historical time period for the median GCM

projections, respectively. Historically, the northern regions of the

UCRB have been more heavily reliant on snowmelt for streamflow

generation than is the southern and central UCRB (Figures 7).

Streamflow changes throughout the UCRB were significantly

(p,0.05) correlated to changes in snowmelt with a Pearson

correlation coefficient of 0.31 for the 2050 s and 0.54 for the

2080 s. As shown in Figure 7, decreased snowmelt with warmer

temperatures are expected to take place throughout the entire

UCRB, with average declines of 36% for the 2050 s and 50% for

the 2080 s for the higher elevations (.2,000 meters) and 70% for

the 2050s and 80% for the 2080 s for the lower elevation subbasins

(,2,000 meters). There was a significant (p,0.05) correlation of

0.55 and 0.61 between elevation and snowmelt change for the

2050 s and 2080 s, respectively. Snowmelt increased in 8 high-

elevation northern subbasins during the 2050 s and 4 high-

elevation northern subbasins during the 2080 s owing to increases

in precipitation.

The streamflow and snowmelt changes discussed above

exhibited significant seasonality and reflect changes in other

hydrologic flow components, as shown in Figure 8. Figure 8

displays the average monthly changes in individual hydrologic

components by watershed area above four selected gauges by the

end of the 21st century for the median GCM projections, and

indicates some general patterns. For all regions, snowmelt is

expected to move from a peak in May through July to 1–2 months

Figure 6. Summer median and quartile subbasin streamflow changes for the 2050 s and 2080 s for the Upper Colorado River Basin
under the A2 emission scenario.
doi:10.1371/journal.pone.0071297.g006
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earlier with diminished volumes, while precipitation is projected to

be slightly higher or near historical high levels in Winter, and

significantly lower in April through July. The largest projected

change for all outlets occurred in the timing of soil-water storage

with a shift in the peak soil-water storage from May to April,

resulting from early snowmelt infiltrating into the soil earlier in the

year, leaving less soil water during the April through July period

when temperatures and water demands on vegetation are highest.

Historically, soil-water storage in all regions of the UCRB, except

for the headwaters, has been a major portion of the hydrologic

cycle (Figure 8). For example, the Colorado River at Cameo, CO

watershed, annual soil-water storage was projected to not

significantly change (p.0.05) with climate change, with only a

3% decrease during the 2080 s; however, the timing shift was

evident (Figure 8). For the San Juan River in the southern UCRB,

GCM median precipitation was projected to decrease in Fall and

early Winter. In addition to a minor forward shift in soil-water

storage, simulations for the San Juan River watershed showed a

large decrease of soil-water storage throughout the year, largely

owing to decreased precipitation and snowmelt, as well as shifts in

ET. Overall, annual soil-water storage in this basin is expected to

decline by 35% during the 2080 s, with the largest decreases in the

late Spring/early Summer. Historically, groundwater, lateral soil

flow, and surface flow have been relatively small hydrologic

components for most of the subbasins in the UCRB, which are

heavily dependent on the amount of water already within the soil

column when a precipitation event occurs and therefore mirror

temporal and spatial changes that are in soil-water storage

(Figure 8). Their historic peaks have occurred in late Spring or

early Summer and are projected to advance to earlier in the year

by about a month by the end of the century. The northern UCRB

outlets were found to be more dependent on lateral soil flow for

streamflow generation.

Consistent with warmer air temperatures, future annual ET is

projected to increase throughout the UCRB by, on average, 23%

by the 2080 s for the median GCM projections. In addition,

changes in the seasonality projected by the SWAT model

simulations were consistent with the expected climatic and

hydrologic shifts. Results for the northern high-elevation UCRB

outlets (Green River at Daniel, WY and the Colorado River at

Cameo, CO) suggested advancement of future ET by one month,

leading to increased ET during the Spring months, when

temperatures will have warmed sufficiently. For these watersheds,

ET for the Winter months is expected to remain extremely low

under projected temperatures. The San Juan River watershed in

the southern UCRB historically has experienced a bi-modal

temporal distribution of ET due to the Summer monsoon rains

and generally warmer temperatures. Our results for the median of

ensemble GCM projections suggested that this bi-modal distribu-

tion would likely become more pronounced by the end of the

century. In both the San Juan River and the Colorado River at

Lee’s Ferry, the largest changes were projected to occur during the

late Spring/early Summer with a large decrease in ET by

approximately 30%. This decrease could be attributed to the

significant expected decrease in precipitation during this season

(Figure 8), leaving less water on the surface and in the soil-water

Figure 7. Subbasin snowmelt changes for the 2050 s and 2080 s for the Upper Colorado River Basin under the A2 emission
scenario.
doi:10.1371/journal.pone.0071297.g007
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column to be evaporated. Further, decreased snowmelt and soil-

water during Spring and Summer will lead to decreased late

Spring and Summer ET in this basin, in spite of higher air

temperatures.

Projected changes in the generation of streamflow are displayed

in Figure 9. Historically, the UCRB has been dominated by areas

where snowmelt contributes to a large portion of streamflow,

indicated by an average HCI value of 14.1 (Figure 9). With

projected climatic changes, HCI values decreased to 7.8 by the

2050 s (not shown) and to 1.8 by the 2080 s. In some regions, the

projected results show a clear shift from a dominance of snowmelt-

derived flows to surface and subsurface flow for maintaining

streamflow volume (Figure 9). Therefore, any future changes in

surface and subsurface hydrology in these regions, such as

groundwater pumping for irrigation, are likely to decrease

streamflow volumes significantly.

Many studies ‘‘lump’’ streamflow projections, either from

multiple basins or GCMs, into a single value and therefore cannot

attempt to assess or explain the potential differences in water yield

under either modest precipitation increases or decreases for those

comparatively small areas of the UCRB that historically have

driven the amount of water available in the Colorado River. As

most of the water yield is generated in the headwaters of the

UCRB, sensitivity to precipitation for two smaller regions

important for water generation with similar temperature projec-

tions were examined. These two regions (indicated as basin 265

and 885 (region watershed outlets) in this analysis) produce large

annual runoff volumes and are at different locations and elevations

within the UCRB (locations and elevations shown on Figure 1).

The lower elevation basin 265 (elevation of 2,770 m) historically

generated 1.5% of the total average annual runoff in the UCRB,

while the higher elevation basin 885 (elevation of 3,461 m)

produced 3.3%. Simulation results for two GCMs, reflecting the

end members in precipitation projections for the two runoff-

generating basins were analyzed: CNRM_CM3.1 and UKMO_-

HadCM3.1 (Table 1). Both GCMs have projected a 4.7–4.8uC
temperature increase for each basin at the end of the 21st century,

with increased precipitation of 13 and 4% (basins 265 and 885,

respectively) relative to historical averages for the ‘wet’ UKMO_-

HadCM3.1 model (see Figure 10) and decreased precipitation of 8

and 15% for the ‘dry’ CNRM_CM3.1.

Our SWAT simulations suggest that water generation in lower

basin 265 has historically been driven by average annual snowmelt

and lateral soil flow, the groundwater component has been small

(and thus large percent changes), and the surface runoff

component negligible (Figure 10). With a decrease in precipitation

by 8% as projected by the CNRM_CM3.1 model in basin 265, all

hydrologic components, except ET, decreased. The total projected

water yield (summation of surface runoff, groundwater contribu-

tion, and lateral soil flow contribution to streamflow) of basin 265

decreased by approximately 16%, driven by decreased lateral soil

flow (9%) and groundwater component (48%). Projected snowmelt

and lateral soil flow decreased approximately at the same amount

as precipitation (,10%). Vice versa, a precipitation increase of

13% as projected by the UKMO_HadCM3.1 model is projected

to raise the total water yield (10%) through increased lateral soil

flow (9%) and surface runoff (161%). While the surface runoff

component was amplified, it remained a minor component

(Figure 10). The increased surface runoff is largely due to

increased soil-water storage (63%), resulting in less available

capacity for precipitation infiltration. The projected warmer air

temperatures decreased the snowmelt component (16%) and

Figure 8. Total hydrologic component runoff values for the selected watersheds in the Upper Colorado River basin for the 2080 s
under the A2 emission scenario.
doi:10.1371/journal.pone.0071297.g008
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increased ET (19%) in spite of increased precipitation; whereas

percolation, and groundwater flow remained near historic rates

(7% increase and 6% decrease, respectively). Similarly, for basin

885, a decrease in precipitation by 15% as projected by the

CNRM_CM3.1 model, led to decreased water yield by 28%, with

concurrent declined surface runoff (37%), groundwater contribu-

tion (52%), and lateral soil flow (22%). Snowmelt (28%), surface

runoff, soil-water content (7% decrease), and percolation (25%

decrease) concurrently decreased, suggesting a dominating effect

by rising air temperatures on the local hydrology. This was also

evident by ET increases of 21%, even though precipitation was

projected to decrease. Even with increased precipitation of 4% for

basin 885, according to the UKMO_HadCM3.1 model, total

water yield decreased by 4%. Groundwater contribution to

streamflow exhibited a large decrease of 37%. Surface runoff

increased by 17% from increased soil-water by 16% and decreased

percolation by 9%. The largest water loss was from ET, which

increased 30%. With decreased snowmelt by 42%, air temperature

also had a dominating effect on the local hydrology for the

UKMO_HadCM3.1 projection.

Thus, our simulation results suggest that under expected

warming for the high water-generating basins in the UCRB,

modest decreased precipitation would result in a yet greater

decreased water yield and less available snowmelt that is important

for water management and storage. In contrast, modest increased

precipitation would not be expected to translate into the same

magnitude of increased water yield with slight overall decreased

snowmelt and increased ET. These findings may suggest that in

the UCRB, whether modest warming is associated with modest

precipitation changes in either direction, continued rising temper-

atures might make drier futures in the water-generating basins

increasingly likely.

Aridity Index. Based on the aridity index values calculated

from our model results, the UCRB will likely become increasingly

arid during the 2080 s under expected climatic changes (Figure 11).

The shift from semi-arid to arid conditions is likely to be especially

prominent for the southern and central subbasins of the UCRB,

while the higher elevation subbasins are more likely to remain

either sub-humid or humid or converted to semi-arid zones.

Overall, our results did not anticipate a change in the areal

coverage of hyper-arid zones within the UCRB, which historically

constitutes less than 1% of the entire area (2,778 km2), by the end

of the 21st century. The largest calculated changes were found for

arid zones, which increased from 316 to 637 subbasins,

representing a 101% increase and a 77,400 km2 increase in area

from the historical area of 38,500 km2. Concurrently, according to

our simulations, the semi-arid, sub-humid, and humid zones for

the GCM ensemble median could decrease by 31 (39,120 km2), 28

(6,816 km2), and 44% (31,400 km2), respectively, compared to the

historical time period. The future transition to arid or hyper-arid

Figure 9. Changes in hydrologic component indices (HCI) for the 2050 s and 2080 s in the Upper Colorado River Basin under the A2
emission scenario. A value over (under) 1 indicates that a large portion of streamflow is from snowmelt (surface and subsurface flow).
doi:10.1371/journal.pone.0071297.g009
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Figure 10. Analysis of average annual hydrologic components for two high water-generating regions and two GCM projections in
the Upper Colorado River Basin. Air temperature increases for both GCM projections were ,4.7uC.
doi:10.1371/journal.pone.0071297.g010

Figure 11. Changes in aridity indices for the 2050 s and 2080 s under the A2 emission scenario for the 2050 s and 2080 s in the
Upper Colorado River Basin under the A2 emission scenario.
doi:10.1371/journal.pone.0071297.g011
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conditions was also apparent for the 1st and 3rd aridity indices

quartiles for the 2080 s, where 62and 46% of the subbasins for the

UCRB were considered arid under future climatic conditions, as

compared to 25% for the historical time period.

Conclusions

Decreased streamflow from changes in hydrologic components

(surface runoff, subsurface flow, soil-water storage, and ET) at the

subbasin-level owing to climate change could have significant

impacts on water resources in the UCRB. A calibrated and

validated SWAT model of the UCRB including 46 unimpaired

streamflow sites was used to investigate the effects of climate change

using 16 GCMs under the A2 emission scenario. While all models

predicted surface air warming by several degrees for the area, the

direction and magnitude of projected precipitation varied with

GCM model, indicating modest precipitation decreases for all but

the highest elevations. Median and average projected climatic

changes in the UCRB suggested increased precipitation (,5%

compared to present-day volumes) at the very highest elevations,

and no changes or declines (,10%) for the middle and low

elevations, with air temperatures increases of about 5uC by the end

of the 21st century. Based on the different climatic driving scenarios,

our simulation results indicated a range of possible hydrologic

futures under all but certain warming in the area and modest

precipitation changes. While we agree with the cautioning by

Harding et al. [1] against a universal acceptance of large future flow

decreases in the UCRB, it is important to note, that in spite of some

GCMs projecting increased precipitation in critical areas of

precipitation for the UCRB, current state-of-the art climate

modeling suggests a somewhat drier future for the UCRB much

more likely than a wetter. Our model simulations exhibited

significant spatial variability in the effects of projected climate

changes throughout the UCRB, which was captured by our

subbasin modeling approach. For the northern UCRB, model

ensemble average projections indicated a forward shift in stream-

flow-runoff timing with concurrent small overall reduced stream-

flow volume. For the southern UCRB, earlier streamflow peaks and

lower streamflow volumes are expected to decline on the order of

15–40%. For the Spring season, streamflow is projected to decline

for many of the southern and western subbasins, with some

increased streamflow likely in the highest eastern and some northern

portions of the watershed. The projected average subbasin-stream-

flow declined for the Spring season by 36% for the 2050 s and 44%

for the 2080 s. For the Summer season, projected streamflow

significantly declined throughout the UCRB, with an average

decline of 46% by the 2050 s and 55% by the 2080 s.

Analysis of hydrologic components contributing to streamflow

indicated large spatial and temporal changes throughout the

UCRB. Snowmelt was generally found to decline throughout the

UCRB, especially at the lower elevations during the 2080s. Soil-

water storage for the northern UCRB was projected to shift one

month in advance with little change in volume, while soil-water for

the southern UCRB showed declines of approximately 35%

during the 2080 s. Generally, the other hydrologic components

(lateral soil flow, groundwater, surface runoff) spatially and

temporally followed this trend. Annual ET increased throughout

the UCRB during the 2080 s largely owing to increases in air

temperature and spatial variability of soil-water storage. HCI

values in some regions of the UCRB exhibited a shift from a

streamflow regime dominated by snowmelt contributions to a

regime dominated by surface and subsurface contributions,

indicating that, in the future, streamflow in these regions is

expected to become more reliant on groundwater and surface

water for streamflow generation. These changes in hydrologic

components indicated, that in addition to snowmelt and the

volume and timing of streamflow runoff, water availability in the

soils and shallow surface, and thus water availability throughout

the UCRB, is likely to be affected by projected climatic changes.

Additionally, our analyses of two high water-generating regions in

the UCRB suggested that under expected warming for UCRB,

modest decreased precipitation is likely to result in a greater

decrease in water yield and less available snowmelt, while modestly

increased precipitation will not likely translate into the same

magnitude of water-yield increases, with slight overall decreased

snowmelt and increased ET. In the UCRB, modest warming was

associated with modest precipitation increases or decreases, while

continued rising temperatures may make drier futures in the

water-generating basins increasingly likely.

Projected changes in the aridity indices indicate a shift towards a

more arid UCRB, with an increase of 77,400 km2 of arid land

(28% of total UCRB area) with changes in climate. These results

could have several implications for the UCRB:

N [1] The shift from a ‘‘rain-fed’’ agriculture to a zone with ‘‘no

farming except with irrigation’’ will add further stress to a

basin already stressed for water resources. Irrigation water will

need to be diverted from nearby streams/rivers or from

groundwater. However, these nearby streams/rivers may also

be susceptible to these same issues.

N [2] The soil within an arid landscape is more exposed and

susceptible to erosion loss, potentially leading to degradation of

the land and the surrounding water bodies. Further, low

organic matter from aridization will decrease soil stability,

leading to a high potential for wind and water erosion.

This study presents one of the first climate-change hydrologic

analyses performed at the subbasin scale for the UCRB,

highlighting that changes in hydrology (streamflow and individual

hydrologic components) from projected climate changes can vary

greatly between regions in a large basin. This study provides

water-resource managers and aquatic ecologists with information

at the subbasin scale. If watershed planning is done at the regional

scale (such as at the county- or state-level), efforts may become

unproductive due to the inclusion of a large number of smaller

subbasins, multiple political and governmental boundaries, and

environmental differences such as stream type, land use, and soil

type. Therefore, watershed management at the subbasin scale can

better serve to develop solutions for local water issues.
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Table S1 SWAT model efficiency statistics for the Upper
Colorado River Basin.
(XLSX)

Acknowledgments

We acknowledge the modeling groups, the Program for Climate Model

Diagnosis and Intercomparison (PCMDI) and the WCRP’s Working

Group on Coupled Modelling (WGCM) for their roles in making available

the WCRP CMIP3 multi-model dataset. Support of this dataset is provided

by the Office of Science, U.S. Department of Energy.

Author Contributions

Conceived and designed the experiments: DLF ITS EPM. Performed the

experiments: DLF ITS EPM. Analyzed the data: DLF ITS EPM.

Contributed reagents/materials/analysis tools: DLF ITS EPM. Wrote

the paper: DLF ITS EPM.

Colorado River Basin Hydrology with Climate Change

PLOS ONE | www.plosone.org 15 August 2013 | Volume 8 | Issue 8 | e71297



References

1. Harding BL, Wood AW, Prairie JR (2012) The implications of climate change
scenario selection for future streamflow projection in the Upper Colorado River

Basin. Hydrol Earth Syst Sci Discuss 16: 3989–4007.

2. Barnett TP, Pierce DW (2008) When will Lake Mead go dry? Water Resour Res

44: W03201.

3. Barnett TP, Pierce DW (2009) Sustainable water deliveries from the Colorado
River in a changing climate. Proceedings of the National Academy of Sciences

106: 7334–7338.

4. Barsugli JJ, Nowak K, Rajagopalan B, Prairie JR, Harding B (2009) Comment
on ‘‘When will Lake Mead go dry?’’ by T. P. Barnett and D. W. Pierce. Water

Resources Research 45: W09601.

5. USBR (2011) SECURE Water Act Section 9503(c) -- Reclamation Climate
Change and Water 2011. United States Bureau of Reclamation. Denver,

Colorado.

6. USBR (2009) Colorado River Basin Water Supply and Demand Study. United

States Bureau of Reclamation. Denver, Colorado.

7. NOAA (2008) Colorado Climate Summary. National Oceanic and Atmopsheric
Administration. Boulder, Colorado.

8. Dettinger MD, Cayan DR, Meyer M, Jeton AE (2004) Simulated hydrologic

responses to climate variations and change in the Merced, Carson, and
American River basins, Sierra Nevada, California, 1900–2099. Climatic Change

62: 283–317.

9. Barnett TP, Adam JC, Lettenmaier DP (2005) Potential impacts of a warming

climate on water availability in snow-dominated regions. Nature 438: 303–309,
doi:310.1038/nature04141.

10. Stewart IT, Cayan DR, Dettinger MD (2005) Changes toward earlier

streamflow timing across western North America. Journal of Climate 18:
1136–1155.

11. Hidalgo HG, Das T, Dettinger MD, Cayan DR, Pierce DW, et al. (2009)

Detection and Attribution of Streamflow Timing Changes to Climate Change in

the Western United States. Journal of Climate 22: 3838–3855.

12. Clow DW (2009) Changes in the Timing of Snowmelt and Streamflow in
Colorado: A Response to Recent Warming. Journal of Climate 23: 2293–2306.

13. Nash LL, Gleick PH (1991) Sensitivity of streamflow in the Colorado Basin to

climatic changes. Journal of Hydrology 125: 221–241.

14. Christensen NS, Wood AW, Voisin N, Lettenmaier DP, Palmer RN (2004) The
effects of climate change on the hydrology and water resources of the Colorado

River basin. Climatic Change 62: 337–363.

15. Stockton C, Boggess W (1979) Ecohydrological Implications of Climate Change
on Water Resources Development. United States Army Corps of Engineers. Fort

Belvoir, Virginia.

16. Hay LE, Wilby RJL, Leavesley GH (2000) A comparison of delta change and

downscaled GCM scenarios for three mountainous basins in the United States.
Journal of the American Water Resources Association 36: 387–397.

17. Milly PCD, Dunne KA, Vecchia AV (2005) Global pattern of trends in

streamflow and water availability in a changing climate. Nature 438: 347–350.

18. Seager R, Vecchi GA (2010) Greenhouse warming and the 21st century
hydroclimate of southwestern North America. Proceedings of the National

Academy of Sciences 107: 21277–21282.

19. Stewart IT, Cayan DR, Dettinger MD (2004) Changes in snowmelt runoff

timing in western North America under a ‘business as usual’ climate change
scenario. Climatic Change 62: 217–232.

20. Christensen NS, Lettenmaier DP (2007) A multimodel ensemble approach to

assessment of climate change impacts on the hydrology and water resources of
the Colorado River Basin. Hydrol Earth Syst Sci 11: 1417–1434.

21. Ficklin DL, Stewart IT, Maurer EP (2012) Projections of 21st Century Sierra

Nevada Local Hydrologic Flow Components Using an Ensemble of General

Circulation Models. Journal of the American Water Resources Association 48:
1104–1125, doi: 10.1111/j.1752–1688.2012.00675.x.

22. Seager R, Ting M, Held I, Kushnir Y, Lu J, et al. (2007) Model Projections of an

Imminent Transition to a More Arid Climate in Southwestern North America.
Science 316: 1181–1184.

23. Christensen N, Lettenmaier DP (2007) A multimodel ensemble approach to

assessment of climate change impacts on the hydrology and water resources of
the Colorado River basin. Hydrology and Earth System Sciences 11: 1417–

1434.

24. USBR (2011b) West-Wide Climate Risk Assessments: Bias-Corrected and

Spatially Downscaled Surface Water Projections. United States Bureau of
Reclamation. Denver, Colorado.

25. Painter TH, Barrett AP, Landry CC, Neff JC, Cassidy MP, et al. (2007) Impact

of disturbed desert soils on duration of mountain snow cover. Geophysical
Research Letters 34: L12502.

26. Painter TH, Deems JS, Belnap J, Hamlet AF, Landry CC, et al. (2010) Response

of Colorado River runoff to dust radiative forcing in snow. Proceedings of the

National Academy of Sciences 107: 17125–17130.

27. Dyer J (2008) Snow depth and streamflow relationships in large North American
watersheds. J Geophys Res 113: D18113.

28. Arnold JG, Srinivasan R, Muttiah RS, Williams JR (1998) Large Area

Hydrologic Modeling and Assessment Part I: Model Development. Journal of
the American Water Resources Association 34: 73–89.

29. Gassman PW, Reyes MR, Green CH, Arnold JG (2007) The Soil and Water

Assessment Tool: Historical Development, Applications, and Future Research

Directions. Transactions of the American Society of Agricultural and Biological

Engineers 50: 1211–1250.

30. Wang G, Yang H, Wang L, Xu Z, Xue B (2012) Using the SWAT model to

assess impacts of land use changes on runoff generation in headwaters.

Hydrological Processes. In press. DOI: 10.1002/hyp.9645.

31. Meehl GA, Covey C, Delworth T, Latif M, McAvaney B, et al. (2007) The

WCRP CMIP3 multimodel dataset: A new era in climate change research.

Bulletin of the American Meteorological Society 88: 1383–1394.

32. IPCC (2007) Contribution of Working Group I to the Fourth Assessment Report

of the Intergovernmental Panel on Climate Change; Solomon S, Qin D,

Manning M, Chen Z, Marquis M, et al., editors. Cambridge, United Kingdom

and New York, NY, USA: Cambridge University Press.

33. Raupach MR, Marland G, Ciais P, LeQuere C, Canadell JG, et al. (2007)

Global and regional drivers of accelerating CO2 emissions. Proceedings National

Academy of Sciences 104: 10288–10293, doi:10210.11073/pnas.0700609104.

34. Wood AW, Maurer EP, Kumar A, Lettenmaier DP (2002) Long-range

experimental hydrologic forecasting for the eastern United States. Journal of

Geophysical Research-Atmospheres 107: 4429, doi:4410.1029/2001JD000659.

35. Wood AW, Leung LR, Sridhar V, Lettenmaier DP (2004) Hydrologic

implications of dynamical and statistical approaches to downscaling climate

model outputs. Climatic Change 62: 189–216.

36. Hayhoe K, Cayan D, Field CB, Frumhoff PC, Maurer EP, et al. (2004)

Emissions pathways, climate change, and impacts on California. Proceedings of

the National Academy of Sciences 101: 12422–12427.

37. Van Rheenen NT, Wood AW, Palmer RN, Lettenmaier DP (2004) Potential

implications of PCM climate change scenarios for Sacramento-San Joaquin

River Basin hydrology and water resources. Climatic Change 62: 257–281.

38. Maurer EP (2007) Uncertainty in hydrologic impacts of climate change in the

Sierra Nevada, California under two emissions scenarios. Climatic Change 82:

309–325, doi:310.1007/s10584–10006–19180–10589.

39. Maurer EP, Hidalgo HG, Das T, Dettinger MD, Cayan DR (2010) The utility of

daily large-scale climate data in the assessment of climate change impacts on

daily streamflow in California. Hydrology and Earth System Sciences 14: 1125–

1138, doi:1110.5194/hess-1114–1125–2010.

40. Ficklin D, Stewart I, Maurer E (2013) Effects of projected climate change on the

hydrology in the Mono Lake Basin, California. Climatic Change 116: 111–131,

doi: 10.1007/s10584–012–0566–6.

41. Cayan DR, Maurer EP, Dettinger MD, Tyree M, Hayhoe K (2008) Climate

change scenarios for the California region. Climatic Change 87, Suppl. 1: 21–

42, doi: 10.1007/s10584–10007–19377–10586.

42. Barnett TP, Pierce DW, Hidalgo HG, Bonfils C, Santer BD, et al. (2008)

Human-Induced Changes in the Hydrology of the Western United States.

Science 319: 1080–1083, doi:1010.1126/science.1152538.

43. Moss RH, Edmonds JA, Hibbard KA, Manning MR, Rose SK, et al. (2010) The

next generation of scenarios for climate change research and assessment. Nature

463: 747–756.

44. Maloney ED, et al. (2013) North American Climate in CMIP5 Experiments.

Part III: Assessment of 21st Century Projections. Journal of Climate In review.

45. USBR (2005) Natural Flow and Salt Computation Methods. United States

Bureau of Reclamation. Denver, Colorado.

46. Slack JR, Lumb A, Landwehr JM (1993) Hydroclimatic data network (HCDN):

A U.S. Geological Survey streamflow data set for the United States for the study

of climate variation, 1874–1988. United States Geological Survey. Reston,

Virginia.

47. Maurer EP, Wood AW, Adam JC, Lettenmaier DP, Nijssen B (2002) A long-

term hydrologically-based data set of land surface fluxes and states for the

conterminous United States. Journal of Climate 15: 3237–3251.

48. USDA (1972) National Engineering Handbook: Hydrology. United States

Department of Agriculture. Washington D.C.

49. Neitsch SL, Arnold JG, Kiniry JR, Williams JR, King KW (2005) Soil and

Water Assessment Tool Theoretical Documentation: Version 2005. College

Station, TX: Texas Water Resources Institute.

50. Penman HL (1956) Evaporation: An introductory survey. Netherlands Journal of

Agircultural Science: 9–29, 87–97, 151–153.

51. Monteith JIL (1965) Evaporation and environment; Fogg GE, editor. NY:

Academic Press.

52. Fontaine TA, Cruickshank TS, Arnold JG, Hotchkiss RH (2002) Development

of a snowfall-snowmelt routine for mountainous terrain for the soil and water

assessment tool (SWAT). Journal of Hydrology 262: 209–223.

53. Morison JIL, Gifford RM (1983) Stomatal Sensitivity to Carbon Dioxide and

Humidity: A Comparison of Two C3 and Two C4 Grass Species. Plant

Physiology 71: 789–796.

54. Medlyn BE, Rey A, Barton CVM, Forstreuter M (2001) Above-ground growth

responses of forest trees to elevated CO2 concentrations. In: Karnosky DF,

Scarascia-Mugnozza G, Ceulemans R, Innes J, editors. The Impact of Carbon

Dioxide and Other Greenhouse Gases on Forest Ecosystems. Wallingford, U.K.:

CABI Publishing. pp. 127–146.

Colorado River Basin Hydrology with Climate Change

PLOS ONE | www.plosone.org 16 August 2013 | Volume 8 | Issue 8 | e71297



55. Ficklin DL, Luo Y, Luedeling E, Zhang M (2009) Climate change sensitivity

assessment of a highly agricultural watershed using SWAT. Journal of
Hydrology 374: 16–29.

56. Luo Y, Ficklin DL, Liu X, Zhang M (2013) Assessment of climate change

impacts on hydrology and water quality with a watershed modeling approach.
Science of The Total Environment 450–451: 72–82.

57. Abbaspour KC, Yang J, Maximov I, Siber R, Bogner K, et al. (2007) Modelling
hydrology and water quality in the pre-alpine/alpine Thur watershed using

SWAT. Journal of Hydrology 333: 413–430.

58. Nash JE, Sutcliffe JV (1970) River flow forecasting through conceptual models
part I – A discussion of principles. Journal of Hydrology 10: 282–290.
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