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Abstract. The current drought over the Colorado River in runoff over the Gunnison River Basin when compared to
Basin has raised concerns that the US Department of thetatic evapotranspiration rates. Streamflow projections de-
Interior, Bureau of Reclamation (Reclamation) may imposerived using projections of future climate and the NWS RFS
water shortages over the lower portion of the basin for theprovided by the CBRFC resulted in decreased runoff in 2
first time in history. The guidelines that determine levels of of the 3 basins considered. Over the Gunnison and San Juan
shortage are affected by relatively short-term (3 to 7 month)River basins, a 10 % to 15 % average decrease in basin runoff
forecasts determined by the Colorado Basin River Fore-s projected through the year 2099. However, over the Green
cast Center (CBRFC) using the National Weather ServiceRiver basin, a 5% to 8 % increase in basin runoff is projected
(NWS) River Forecasting System (RFS) hydrologic model.through 2099. Evidence of nonstationary behavior is appar-
While these forecasts by the CBRFC are useful, water manent over the Gunnison and San Juan River basins.

agers within the basin are interested in long-term projec-
tions of streamflow, particularly under changing climate con-
ditions. In this study, a bias-corrected, statistically down- Introduction

scaled dataset of projected climate is used to force the NW%

RFS utilized by the CBRFC.to derive projections of stream- Erom 2000 through 2010, the Colorado River Basin has
flow over the Green, Gunnison, and San Juan River headayperienced the driest period on record and one the worst
water basins located within the Colorado River Basin. Th'sdroughts in history (e.g, Timilsena et al., 2007). At the be-
study evaluates the impact of changing climate to evapo- inning of water year 1999 (October 1998), water storage
transpiration rates and contributes to a better understanq% the Colorado River Basin was at 94 % capacity; in par-
ing of how hydrologic processes change under varying cli-ticylar, the two largest reservoirs within the system, Lake
mate conditions. The impact to evapotranspiration rates isoowell and Lake Mead, were at 98 % and 91 % capacity, re-
taken into consideration and incorporated into the devel()p'spectively. Since 1999, water storage in the Colorado River
ment of streamflow projections over Colorado River head-gasin has decreased to 55 % capacity at the conclusion of
water basins in this study. Additionally, the NWS RFS is 2010 with Lake Powell and Lake Mead at 40 % and 59 % ca-
modified to account for impacts to evapotranspiration due topacity, respectively. The current drought has increased con-
changing temperature over the basin. Adjusting evapotrangerms on the ability of United States Department of the In-
spiration demands resulted in a 6 % to 13 % average decreasgrior, Bureau of Reclamation (Reclamation) to continue to
meet water delivery requirements (Barnett and Pierce, 2008,
2009; Barsugli et al., 2009; Rajagopalan et al., 2009) and

Correspondence tod. P. Miller the impacts of climate change to hydroclimatology over the
BY

(wmiller@usbr.gov) Colorado River Basin and the American West (e.g., Balling
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Jr. and Goodrich, 2007; Brekke et al., 2008; Christenserused downscaled projections of precipitation and tempera-
and Lettenmaier, 2007; Fassnacht, 2006; Matter et al., 201Qure to develop transient projections of runoff over the entire
Maurer, 2007; Meko et al., 2007; Miller and Piechota, 2008). Colorado River Basin using the distributed Variable Infiltra-
Previous research indicates warming temperature trends oveion and Capacity (VIC) model. Although this study does
the Colorado River Basin region of up t6¢@ over the next  utilize information from the VIC model, the models and data
50 to 100yr (e.g., Christensen et al., 2004; Hoerling and Eissources presented in Raff et al. (2009) are more similar to
cheid, 2007; McCabe and Wolock, 2008) and correspondthose utilized here.
ing changes in the timing of streamflow within the basin, re- The development of a methodology to develop streamflow
sulting in earlier peak runoff events (e.g., Christensen andprojections for use in river and reservoir management mod-
Lettenmaier, 2007; Hamlet et al., 2005; Hamlet and Letten-els is described. An important contribution of this work is
maier, 2007; Hidalgo et al., 2009; Kalra et al., 2008; Miller the evaluation of the impacts of changing climate to evapo-
and Piechota, 2008; Regonda et al., 2005; Timilsena andranspiration demand rates. The need to address evapotran-
Piechota, 2008). spiration demand in climate studies over the Colorado River
Traditionally, Reclamation has used historical data toBasin has been documented by Brekke and Prairie (2009).
project future streamflow conditions and associated reserThe impact to evapotranspiration demands under changing
voir operations. Implicit in this practice is the assumption temperature is taken into consideration and incorporated into
that the distribution of past data (e.g., mean, variance, stanthe development of streamflow projections over Colorado
dard deviation) is representative of future conditions. UnderRiver headwater basins. Here, 112 projections of future cli-
changing climate conditions, the past may no longer be repmate conditions over the Colorado River Basin are integrated
resentative of the future (e.g., Brekke et al., 2008). Climatewith projections of future evapotranspiration to develop pro-
change caused by anthropogenic influences has influencgdctions of streamflow conditions throughout the Gunnison,
global climate and hydrology such that past hydroclimatic Green, and San Juan River headwater basins. Projections of
means and extremes are no longer representative of expectatlteamflow are further investigated for evidence of nonsta-
hydroclimatology (Solomon et al., 2007). Milly et al. (2008) tionary behavior.
defines stationarity as the idea that natural systems fluctuate
within an unchanging envelope of variability. As such, the 1.1 Study area
assumption of hydroclimatic stationarity over the Colorado
River Basin under climate change may not be correct. The Colorado River Basin spans much of the American West,
Water managers have traditionally relied on the assumpproviding water to seven basin states and Mexico. The Col-
tion of hydroclimatic stationarity to efficiently manage wa- orado River provides water to over 27 million people and
ter resources and environmental operations. The timing andfrigates over 14 000 kiof farmland while generating over
magnitude of runoff events is of particular importance, as ac-8 billion kilowatt hours of hydroelectric power annually. The
tual and forecasted runoff events can impact the operatiofColorado River Basin is divided between the supply-driven
of reservoirs (e.g., release schedules and magnitudes); howpper Colorado River Basin and the demand-driven Lower
ever, climate change and anthropogenic alterations to basi@olorado River Basin; that is, water allocation in the Upper
characteristics increase the difficulty in accurately projectingColorado River Basin is dependent on available resources,
streamflow conditions within hydrologic systems (e.g., Vil- whereas water is allocated based on demand in the Lower
larini et al., 2009). Raff et al. (2009) developed a method-Colorado River Basin. Of the approximately 18 500 mil-
ology to assess flood risk and runoff projections using pro-lion cubic-meters (MCM) of inflow into the Colorado River
jections of future climate. Raff et al. (2009) utilized temper- Basin, approximately 17 900 MCM is currently allocated an-
ature and precipitation data from 112 Global Climate Mod- nually. The Colorado River Basin is unique from other wa-
els (GCMs) within the World Climate Research Programmeter management systems in that it has the capability to store
(WCRP) Coupled Model Intercomparison Project phase 3approximately four times (74 000 MCM) the average annual
(CMIP3) multi-model dataset (Meehl et al., 2007) subjectedinflow; most of the storage is concentrated within the Lake
to statistical downscaling and bias-correction (Maurer et al.,Powell and Lake Mead reservoirs. Historically, inflow into
2007) to drive the National Weather Service (NWS) River the Colorado River Basin is highly variable and typically
Forecasting System (RFS) hydrologic model. Each of thedriven by snowpack in the Upper Colorado River Basin.
four basins investigated in Raff et al. (2009) exhibited the Projections of streamflow are developed over the Gunni-
potential for increased flood frequency under changing cli-son, Green, and San Juan River Basins (Fig. 1). Collectively,
mate conditions, although the authors did acknowledge thehe three basins contribute nearly 66 % of the average an-
need for further study to more fully understand these resultsnual water year natural flow in the Upper Colorado River
Other recent studies have developed alternative methodBasin. The basins in this study provide an opportunity to
ologies for incorporating temperature and precipitation pat-cover a broad latitudinal range of the Upper Colorado River
terns over the Upper Colorado River Basin (Matter et al.,Basin and compare results to other research efforts in the
2010). Christensen and Lettenmaier (2007) has previousharea. Each of these headwater basins have been subject to
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0 60 120 240 Kiometers BCSD CMIP3 herein) (Maurer et al., 2007). The BCSD
CMIP3 dataset utilized in this study considers three emis-
W<¢>E sions scenarios (A2, A1B, and B1) as described in the Spe-
cial Report on Emissions Scenarios produced by the Inter-
governmental Panel on Climate Change (Nakiovt et al.,
— 2000). This climate data has been downscaled to 1/8th degree
B Green River Basin (approximately 12 kilometers or 7.5 miles) grid cell resolu-
[ Gunnison River Basin i Pty YR ¢ tion, making it more useful for regional hydrologic analysis.
I san Juan River Basin Sl I ~~ Denver This data have been downscaled using the BCSD technique
: described in Wood et al. (2004) and is available at a monthly
timestep. The method is documented in numerous peer-
reviewed academic studies (Cayan et al., 2007; Christensen
— et al., 2004; Hayhoe et al., 2004, 2007; Maurer and Dulffy,
2005; Maurer, 2007; Payne et al., 2004; VanRheenen et al.,
2004; Wood et al., 2004) and produces downscaled temper-
ature and precipitation data that statistically matches the his-
Fig. 1. The Colorado River Headwater Basins considered in torical period. Brekke and Prairie (2009) previous}y app_lied
this study encompass a broad range of the Upper Colorado Rivefonthly BCSD CMIP3 climate data over the Gunnison River
Basin. For reference, the city of Denver, Colorado is located atBasin to generate projections of streamflow through 2099.
39°44/21” N, 10£595" W. Brekke and Prairie (2009) note that mean annual runoff is
consistent throughout the 21st century, but explain that these
flows may be overestimated, as changes to potential evapo-
previous study and are accompanied by significant and intranspiration demand in response to future warming were not
teresting water issues. The Gunnison River Basin has beeaccounted for.
the subject of numerous studies, particularly for the appli- Reclamation is developing streamflow projections over the
cation of downscaled climate projections (e.g., Brekke andUpper Colorado River Basin using the VIC model and the
Prairie, 2009; McCabe Jr., 1994; Raff et al., 2009; US De-BCSD CMIP3 dataset described in this study for the Col-
partment of the Interior, Bureau of Reclamation, Upper Col-orado River Basin Water Supply and Demand Study (Basin
orado Region, 2009). Research on the impacts of teleconStudy) to examine the impacts of changing water supply
nection events on drought and streamflow conditions in theand demand conditions over the Colorado River Basin (US
Green River Basin have provided some insight as to the roldDepartment of the Interior, Bureau of Reclamation, Lower
of teleconnections to climate variability over the Colorado Colorado Region, 2009). The VIC model is run at a daily
River Basin (Tootle and Piechota, 2003). The San Juartimestep; as such, temporal disaggregation of data from
River Basin is an example of a water management agencyhe monthly BCSD CMIP3 dataset over the Colorado River
actively working with stakeholders to adaptively manage aBasin is required. Temporal disaggregation of the monthly
reservoir system in response to changing environmental anBCSD CMIP3 data was accomplished by scaling historical
anthropogenic needs. Pursuant to the National Environmendaily precipitation or shifting historical daily temperature
tal Protection Act of 1969, an Environmental Impact State-data to match monthly time series data (Wood et al., 2004).
ment and Record of Decision were published in 2006 defin-Daily precipitation and temperature time series have been de-
ing the operations of the Navajo Reservoir within the Sanrived for the entire spatial and temporal extent of the monthly
Juan River Basin to aid in the conservation of endangered fisSBBCSD CMIP3 datasét
species, habitat, and continue to meet Reclamation’s obli-
gations to water delivery requirements and Native American
water rights (US Department of the Interior, Bureau of Recla-2 Methodology
mation, Upper Colorado Region, 2006).

Legend

I:l Colorado River Basin
\:‘ United States Boundaries
Colorado River System

‘ ‘ Colorado River Basin SubBasins
Headwater Study Basins
SubBasin Name

eI

e N
{Lower Colorado Region

2.1 Hydrologic model

1.2 Bias corrected spatially downscaled precipitation

Reclamation is required to use streamflow forecasts by
and temperature data

the CBRFC for input into operational and policy models.
Streamflow forecasts developed by the CBRFC have the

Reclamation, in cooperation with Lawrence Livermore Na- . o . i .
é)otentlal to significantly impact reservoir operations over

tional Labs and Santa Clara University, has made availabl
Bias Corrected Spatial Downscaled (BCSD) precipitation 1 This data is archived at the Department of Energy (DOE)
and temperature data from the WCRP CMIP3 dataset oveational Energy Research Scientific Computing (NERSC) Center.
the continental United States (available &ttp://gdo-dcp.  This data was prepared and is made available by Andy Wood of the
uclinl.org/downscaleadmip3 projections/and referenced as CBRFC (andy.wood@noaa.gov).

www.hydrol-earth-syst-sci.net/15/2145/2011/ Hydrol. Earth Syst. Sci., 15, 21482011
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the Colorado River Basin. The CBRFC develops these r—gmpomiydisagaregated
streamflow forecasts through use of the NWS RFS (National BCSD dataset
Oceanic and Atmospheric Administration, National Weather
Service, 2Q05) applied over the Colorado River Basin. The Relative change in
NWS RFS incorporates humerous models to develop unreg- evapotranspiration with
ulated inflow forecasts. The primary models within the RFS respect to temperature
and utilized over the Colorado River Basin are the Sacra-
mento Soil Moisture Accounting (SAC-SMA) model (Bur-
nash et al., 1973) and the Snow Accumulation and Ablation Delvationofadiusteg
Model (SNOW-17) (Anderson, 1973, 2006). evapotranspiration demana

The NWS RFS model used here was provided by the
CBRFC and is run without taking into account regulation;
that is, the model is run without accounting for reservoir NWS CBRFC RFS
operations or diversions within a basin. This allows for an
assessment of climate impacts to streamflow with limited
anthropogenic influence. The NWS RFS provided by the URrepviater
CBRFC has been calibrated to observed streamflow within Streamflow
the Colorado River Basin. This calibration is thus dependent
on historical climate input developed by the CBRFC. Aside
from input files associated with temperature, precipitation, Bias Correction
and evapotranspiration demand, the NWS RFS provided by
the CBRFC is otherwise unchanged in this study.

The NWS RFS is a lumped hydrologic modeling system.

VIC Model

) e . . T _ Bias corrected projection of
Basins within the Colorado River Basin are divided into unregulated streamflow under

catchments that may each be solved individually using the changingclimate conditions
NWS RFS. Each catchment may then be divided into up to
three elevation bands. These elevation bands are unique to

each catchment and are derived by the CBRFC; it is impor-Fig- 2. This flow _c_hart illgstrateg how_the NWS CBRFC RI_:S and
tant to note that the SAC-SMA model within the NWS RES is VIC model are utilized with multiple climate datasets to derive pro-

limited to three elevation bands per catchment, though soméecnonS of streamflow.

catchments rely on only one or two elevation bands. Head-

water catchment input is primarily temperature and precipita-I this stud i iration is derived funcii f
tion through the MAT and MAP input files. Catchments that n this study, evapotranspiration 1S derived as a function o
nonthly average projected temperature. As such, a third in-

are downstream from headwater and other catchments, ddl . s T
scribed as “local” catchments, incorporate runoff from head_put file describing mean areal evapotranspiration (MAE) was

. éal_eveloped in this study. Figure 2 illustrates how these mod-
els and data sets were developed and integrated to produce
éhe projections of unregulated streamflow presented in this
study.

dition to precipitation and temperature input.

The NWS RFS incorporates mean areal temperatur
(MAT) and mean areal precipitation (MAP) input files. Over
the water year 1976 through water year 2005 calibration pe-
riod, the CBRFC derives these files through the use of gagg‘

measurements provided by a variety of sources (e.g., Na- . . .
P y y (e.g &I'he NWS RFS requires temperature input at a 6-h timestep.

tional Oceanic and Atmospheric Administration , National The CBRFC deri 6-hourly t i | .
Resource Conservation Service , National Climatic Data € €rives 5-hourly temperaturé vajues using an

Center, United States Geological Survey (USGS), and Recla@mmncal relationship between daily maximum and mini-

mation). In this study, MAT and MAP files are developed mum temperature values. This practice is common between

using temporally disaggregated climate data from the BCSDriver forecasting centers, though the empirical relationship
CMIP3 dataset IS unique to each river forecasting center. Empirical rela-

The NWS RFS provided by the CBRFC relies on valuestionShips are appl?e.d over a!l years and ‘."1" seasons. For the
of evapotranspiration demand unique to each month; that is(,:BRFC’. the empmcal relat|onsh|ps derived over the Col-
evapotranspiration demand in any given month is identicalOraOIO River Basin are as follows:

throughout the length of the model run. For example, OVelyo _ 0,950 Toin+0.050x Tona1
a two-year model run, evapotranspiration demand for the
month of January will be identical in both years; however, 06Z = 0.400x Tmin+0.600% Tmax

this evapotranspiration demand may vary month to month12Z = 0.025x Trin+ 0.925% Tmax

2 Derivation of MAT input files

Hydrol. Earth Syst. Sci., 15, 2148164 2011 www.hydrol-earth-syst-sci.net/15/2145/2011/
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18Z =0.670x Tmin+0.330x Tmax (2) evapotranspiration significantly influenced projected stream-

] ) ) flow response within the VIC model (Christensen and Let-
whereZ denotes Coordinated Universal Time (UTC, some-gnmaier, 2007). An advantage of the VIC model, and other
times referred to as Zulu timeYimin is the minimum daily  qrol0gic models discussed, over the NWS RFS utilized by
recorded temperatur@max is the maximum daily recorded e CBRFC is that these models allow for the user to ac-
temperature, andmax-1 is the previous day's maximum .t for evapotranspiration as a function of changing con-
recorded temperature (Smith, 2009). Because of the émpirigisions within the model. The rate of change of evapotranspi-
cal nature of these equations, it should be noted that underation demand with respect to temperature over the Colorado
climate change, there is uncertainty as to how valid thesejyer Basin at 1/8th degree resolution was derived through
equations are for long-term forecasting. . useofthe VIC model. These average monthly rates of evapo-

For each elevation band within the study area, a daily timeyangpiration demand change per degree temperature change
series of minimum and maximum temperature data was degerived through the VIC model were used to derive pro-
rived by taking the average of daily minimum and maximum o teq evapotranspiration demand over the study area. The

temperature values from each 1/8th degree grid cell from. th&/|c model computes evapotranspiration through use of the
temporally downscaled BCSD CMIP3 dataset. By applying penman-Mortith equation to estimate evapotranspiration.

the empirical formulations described in Eq. (1), a time series Evapotranspiration demand rates were derived by increas-

of 6-hourly temperature values was derived for each eIevaTng the minimum and maximum daily temperature within the

tion band within each catchment. A MAT file containing this \/;c model by 1°C and computing the relative change in
information for each elevation band within each CatChme”tevapotranspiration demand in the model. That is:

for each of the 112 climate projections is used as input for
the NWS RFS. ETg = (ET1—ETo) (2)
ETo

2.3 Derivation of MAP input files where ET; is a ratio representing change in evapotranspira-

o ] _ tion demand per degree Celsius. 163 the evapotranspira-
Similar to temperature data, the NWS RFS requires preciption demand rate calculated within the VIC model after the
itation input at a 6-h timestep. Precipitatiqn data was Sepaincrease in temperature, and Ei6 the original evapotran-
rated by elevation band and catchment using a method 'der‘Spiration demand prior to the change in temperature parame-
tical to that used to separate 1/8th degree temperature datgers. Results were then averaged over a monthly timestep. It
Unlike temperature data, the CBRFC currently uses observays important to note that only the rate of change in evapotran-
tions of precipitation at the 6-hourly timestep and there aregpjration with respect to temperature is further utilized from
no empirical formulations to translate daily precipitation val- the viC model in this study; the magnitude of evapotranspi-

ues to a 6-hourly timestep. . ~ ration demand as defined by the VIC model is only used in
Time series of precipitation at a 6-h timestep were derivedinis study to derive this rate of change.

by first comparing the daily rainfall depth from the tempo-

rally disaggregated BCSD CMIP3 dataset to the 30-yr cali-2.5 Derivation of MAE Input Files

bration period (1976—2005) of aggregated daily observations

of precipitation used by the CBRFC. An analog precipitation Daily evapotranspiration data was derived by first averaging

event occurring in the same month from the temporally dis-the rate of evapotranspiration change per 1 degree Celsius de-

aggregated BCSD CMIP3 dataset was then identified. Thédived through the use of the VIC model over each elevation

daily precipitation value from the temporally disaggregatedband within the study area for each month over the 30-yr cal-

BCSD CMIP3 dataset was then disaggregated to a 6-hourljoration period. In addition, 12 base average temperatures

time step proportional to the analog event within the CBRFCWwere derived for each month for each of the 112 climate sce-

observed dataset. A MAP file containing this information for narios over the 30-yr calibration (1976-2005) period.

each elevation band within each catchment for each of the Historical (1976-2005) evapotranspiration demand within

112 climate projections is used as input for the NWS RFS. the NWS RFS model was used as a base evapotranspiration
value. For each month over the model run (1950-2099), an

2.4 Derivation evapotranspiration demand rate of average monthly temperature was derived. This monthly av-

change with respect to temperature erage temperature was then compared to the base tempera-

ture derived over the same month over the 30-yr calibration

Evapotranspiration within the VIC model has been exten-period (1976-2005). The original evapotranspiration value

sively studied (e.g., Christensen and Lettenmaier, 2007{yas then adjusted based on the difference between average

Hamlet et al., 2007, Hurkmans et al., 2008, 2009, Lakshm|m0nth|y temperature and the base monthly temperature:

and Wood, 1998; Nijssen et al., 1997). Of particular impor- S

tance to this study Hamlet et al. (2007), indicated that evapo-ETf = ETorig+(T: — Thase X ETr ®)

transpiration trends within VIC were driven by trends in pre- where ET is the adjusted monthly evapotranspira-

cipitation and temperature; concurrent work indicated thattion demand at a given time, Ey is the historical

www.hydrol-earth-syst-sci.net/15/2145/2011/ Hydrol. Earth Syst. Sci., 15, 21482011
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evapotrans.,plrat|on deman(T, IS -the r;-lverage. temperature Table 1. Statistics of streamflow projections pre- and post-bias cor-
over any given month in the derived time seri&aseis the  ection. values are presented in MCM.

30-yr calibration period average temperature for any given

month, andETy is the average EJ over each elevation Average of  Average of
band as derived through use of the VIC model. CBRFC 112climate 112 climate
Daily evapotranspiration demand was assumed to be con- statistic SS@TQZTE,V! (f;f%eczt(ljoor; (f;;gec;gg;)
stant gnd unif_or_m over lthe course of any given month. A (1976-2005) pre-bias post-bias
MAE file containing this information for each elevation band correction correction
within each catchment for each of the 112 climate projections yean 2690 2230 2690
is used as input for the NWS RFS. Average median 2670 2120 2530
Average standard deviation 1000 780 1050
. . Average variance 810 510 910
2.6 Post-run bias correction Average maximum 4850 4190 5410
Average minimum 860 1000 1130
A ratio method was used to adjust streamflow projections Average skew 320 870 1010

such that the long term mean over the CBRFC calibration
period (1976-2005) is equal to the long term mean de-

rived through the use of the temporally disaggregated BCSD ) ) ) .
CMIP3 dataset over the same calibration period. illustrates the impacts of bias correction to the seasonal dis-

Average monthly streamflow projections over the 30-yr tribution of streamflow and improvement over the calibration
calibration period (1976—2005) were derived using streamPeriOd over the Gunnison River Basin. Figure 5 describes the

flow output from the calibrated NWS RFS forced with his- IMPActs of bias correction to the spread of annual water year
torical precipitation and temperature data provided by theobservatlons over the calibration period over the Gunnison

CBRFC. Additionally, average monthly streamflow projec- River Basin. Bias correction impacts to monthly and annual

tions for each of the 112 climate scenarios over the 30_yrdistributions of streamflow are similar over the San Juan and
calibration period were derived using data from the tempo_Green River Basins. Calibration of the developed streamflow

rally disaggregated BCSD CMIP3 dataset. The ratio of thesd@CeS is not done on an annual basis; nor is modeled data

two values was computed and applied to streamflow prc)jec_calibrated to observed streamflow identically. As this study

tions over the entire period of record (1950 through Zogg)is_investigating Iongjterrr.] impacts to headwater basins due to
derived using the temporally disaggregated BCSD cmipaclimate change, calibration efforts are focused on long-term
dataset. This result ensures that the derived long-term (30-yrfverages (Table 1.
mean streamflow from 1976 through 2005 is equal between
the original dataset provided by the CBRFC and the BCSD3  Results of RFS model runs
CMIP3 dataset.

3.1 Impact of evapotranspiration incorporation
2.7 Model performance

Figure 6 illustrates the impact of taking into account climate
The NWS RFS model is calibrated to observed unregu-change impacts to evapotranspiration demand. Whereas the
lated streamflow spanning water year 1976 through waten0th and 90th percentiles over the 90 yr projection period are
year 2005; this calibration has been derived by the CBRFCapproximately equal, the mean of the 112 climate projec-
using observed precipitation and temperature records antlons is different. Over the 2010-2039 time period, adjusting
performs well. The correlation coefficient between observedevapotranspiration in response to temperature change results
unregulated flow and modeled unregulated flow using thein a decrease of approximately 149 MCM (121 000 acre-feet
calibrated model over the Gunnison River Basin was found toor approximately 6 %) to the mean annual runoff than pro-
be approximately 0.98 with a root mean square error (RMSE)ections of mean annual runoff made without an adjustment
of approximately 47 MCM (0.038 MAF) (Fig. 3). For the to temperature. This difference increases over time, with a
San Juan and Green River Basins, correlation coefficientslecrease of approximately 258 MCM (209 000 acre-feet or
of 0.98 and 0.85 and RMSEs of 45 MCM (0.037 MAF) and approximately 10 %) and approximately 329 MCM (267 000
478 MCM (0.39 MAF), respectively. acre-feet or approximately 13 %) over the 2040-2069 and

Because calibration of the NWS RFS over these three Col2070-2099 time periods, respectively.

orado River headwater basins was accomplished using obser- Evapotranspiration demand and associated impacts to pro-
vations of historical temperature and precipitation data, thegections of streamflow over the Gunnison River Basin is spa-
post-bias correction method described in the previous sectiotially distributed (Fig. 7). Adjusting evapotranspiration de-
was employed to adjust for bias introduced through use ofmand with changing temperature impacts the Gunnison River
the BCSD climate dataset. In doing so, the seasonal distribuBasin across all catchments, particularly those in the south-
tion and average magnitude of flow was preserved. Figure 4rn portion of the basin which is typically characterized by
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Observed Unregulated Flow Vs. Calibrated Unregulated Flow
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Model (MCM)

500
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Fig. 3. The NWS RFS model is calibrated to observed unregulated streamflow spanning water years 1976—2005. Here, observed unregulatec

streamflow over the Gunnison River Basin is compared to modeled unregulated streamflow derived using observations of precipitation and
temperature data.

Seasonal Impact Due to Bias Correction
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Fig. 4. The solid black line describes average monthly streamflow from the calibrated NWS RFS model forced with observed precipitation
and temperature data over the calibration period (Water Year 1976 through Water Year 2005). The dashed red line describes average monthl
streamflow from the calibrated NWS RFS model forced with projections of future climate from the BCSD dataset and adjusted evapotranspi-
ration data; the surrounding red band describes the minimum and maximum monthly flows output by the model over the calibration period.
The dashed blue line, which overlays the solid black line, and surrounding band illustrates the impact of the post-bias correction procedure
to the data described in red.

www.hydrol-earth-syst-sci.net/15/2145/2011/ Hydrol. Earth Syst. Sci., 15, 21482011



2152 W. P. Miller et al.: Development of streamflow projections under changing climate conditions

Water Year Impacts Due to Bias Correction (1976-2005)
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Fig. 5. The solid black line illustrates modeled water year streamflow over the Gunnison River Basin over the calibration period (1976—2005)
when the calibrated RFS is forced with observed temperature and precipitation data. The dashed red line describes the 10th, 50th, and 90t

percentiles of modeled streamflow using the 112 projections of future climate to force the RFS for any given water year over the calibration
period. The dashed blue line illustrates the impact of post-bias correction to those modeled projections of streamflow.

Impact of Evapotranspiration on Streamflow Projections in the Gunnison River Basin
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Fig. 6. Boxplots illustrating the impact of incorporating climate change impacts to evapotranspiration rates in the Gunnison River Basin.
Boxplots in this study define the outer whiskers at the 10 % and 90 % exceedance values and the bounds of the box at the 25 % and 75 %
exceedance values. The red boxplot illustrates results derived using data from the CBRFC over the calibration period. Green boxplots
illustrate results derived using the temporally downscaled BCSD dataset and adjusting evapotranspiration in response to temperature change
Blue boxplots illustrate results derived using the temporally downscaled BCSD dataset without adjusting evapotranspiration in response to
temperature change.
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Table 2. Average streamflow projections from the Gunnison River moderate emissions scenario considered in this study. The

Basin. Projections are separated by SRES emissions scenarios afiinimum annual flow projection is approximately 540 MCM
future multi-decadal periods. (0.44 MAF) in 2071. This minimum flow is a product of the

GCM from the Institut Pierre Simon in Laplace, France (O et

Average streamflow projection (MCM) al., 2005); more intuitively, this projection falls under the A2

from the Gunnison River Basin emissions scenario which describes, on average, a more ag-
gressive warming trend. Figure 9 separates streamflow pro-
2010.2039 2550 2500 2580 2490 ject?ons over the.Gunnison River Basin by emission scenar-
2040-2069 2360 2330 2370 2370 los included in this study. ,
2070-2099 2260 2170 2340 2250 As shown in the right side of Fig. 7, the southern por-
tion of the Gunnison River Basin exhibits the greatest per-
cent reduction in projected streamflow from the calibration
period. This area encompasses the southern portion of the
flatter topography and contributes less flow to the Gunnisorﬁocky Mountains. P'I’EVIOUS' work ha}s shown that snowpack
River tributary. In this area has declined with warming trends over the Col-

Streamflow projections are derived for each of the threeorado River Basin and contribute decreased streamflow in the
region (Mote et al., 2005; Mote, 2006).

headwater basins with evapotranspiration adjusted for tem
perature changes. Recent studies of climate change impacts . .

to streamflow over the Colorado River Basin typically indi- %.2,2 Green River Basin
cate decreasing flow within the basin between 10 % and 20 % . . . . 0
(e.g., Barnett and Pierce, 2009. Christensen and Lettenmaieqr—he Green River Basin contributes approximately 36% of

2007. Hamlet et al., 2007. Hoerling and Eischeid, 2007) the Upper Colorado River Basin’'s annual natural flow to
: ; ) g y ‘the Colorado River. Reclamation manages two reservoirs,

When evapotranspiration demand is taken into cons,iderationF I d Elami | f | h
these results support those findings. ontenelle an _Fammg Gorge, to regu a_lte ow along t N
northern-most tributary to the Colorado River. Reclamation
operates the Flaming Gorge reservoir to meet downstream
water delivery and hydroelectric power needs. Like the As-
3.2.1 Gunnison River Basin pinall Unit, Flaming Gorge operations allow for Reclamation
to protect and assist in the recovery of endangered fish within
The Gunnison River Basin contributes approximately 16 %the Colorado River Basin.
of the Upper Colorado River Basin’s annual natural flow to  Over the 30-yr calibration period, the average runoff from
the Colorado River. Over the 30-yr calibration period, the av-the Green River Basin is approximately 2380 MCM (1.93
erage runoff from the Gunnison is approximately 2690 MCM MAF). Each of the 112 climate projections was used to force
(2.18 MAF). Each of the 112 climate projections was usedthe NWS CBRFC RFS (Fig. 8). Over the model run pe-
to force the NWS RFS (Fig. 12). Over the model run pe-riod (1950-2099), average streamflow from the Green River
riod (1950-2099), average streamflow from the GunnisonBasin is approximately 2370 MCM (1.92 MAF). On average,
River Basin is approximately 2530 MCM (2.05 MAF). Ta- streamflow over the Green Basin increases slightly over fu-
ble 2 summarizes the results of the streamflow projectiongure multi-decadal periods.
over the Gunnison River Basin. Reclamation operates the As shown in Fig. 11, much of the central portion of
Blue Mesa, Morrow Point, and Crystal Dams and Reser-Green River Basin exhibits slightly increased streamflow
voirs, collectively known as the Aspinall Unit, as part of the when compared to the calibration period. This is somewhat
Colorado River Storage Project (CRSP) (US Department ofconsistent with results noted by Mote (2006). Mote (2006)
the Interior, Bureau of Reclamation, Upper Colorado Regiondescribes increasing trends in SWE when using a regression
2009). describing SWE in terms of precipitation and temperature.
Reclamation manages the CRSP to meet downstream flowhe SNOW-17 model derives snowpack conditions in a sim-
requirements, hydroelectric power 8 needs, and provide foilar fashion (Anderson, 2006). Under these climate condi-
endangered fish and their habitat, along with other approvedions, increased model snowpack conditions would yield in-
uses. creased runoff throughout the basin.
On average, streamflow over the Gunnison River Basin de-
creases over future multi-decadal periods. Of interest, one.2.3 San Juan River Basin
climate projection results in a streamflow projection in ex-
cess of 14800 MCM (12.0 MAF) in the year 2030. This Since 1992, Reclamation has been working in collabora-
projection is made by the Canadian Centre for Climate Mod-tion with the San Juan River Basin Recovery Implementa-
eling and Analysis GCM (Flato and Boer, 2001) under antion Program to protect the Colorado pikeminnow and the
A1B emissions scenario, which, on average, is the moraazorback sucker and their respective habitat (US Fish and

Time period  All A2 Bl Al1B

3.2 Streamflow projections
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Fig. 7. Impact of adjusting evapotranspiration with changes in temperature at the catchment scale over the Gunnison River Basin. Panels on
the left reflect average model output when evapotranspiration is not adjusted with temperature over the 2010-2039 time period (top left), the
2040-2069 time period (middle left), and the 2070-2099 time period (bottom left). Panels on the right reflect average model output when
evapotranspiration is adjusted with temperature over the 2010-2039 time period (top right), the 2040-2069 time period (middle right), and
the 2070-2099 time period (bottom right).

Wildlife Service, 2006). Reclamation operates the Vallecito dian Centre for Climate Modeling and Analysis GCM (Flato
and Navajo reservoirs within the San Juan River Basin toand Boer, 2001) under an A1B emissions scenario. The
manage approximately 14 % of the annual runoff to the Col-minimum annual flow projection is approximately 123 MCM
orado River. Reservoirs within the San Juan River Basin ar€0.10 MAF) in 2091. This minimum flow is also a product of
also part of the CRSP. the GCM from the Institut Pierre Simon in Laplace, France

Over the 30-yr calibration period, the average runoff from (O etal., 2005) under the A2 emissions scenario.
the San Juan River Basin is approximately 2230 MCM (1.81_ As shown in Fig. 13, the vast majority of the San Juan
MAF). Each of the 112 climate projections was used to forceRiver Basin exhibits reduced streamflow when compared to
the NWS CBRFC RFS. Over the model run period (1950—the calibration period. Reduced streamflow in the region re-
2099), average streamflow from the San Juan River Basin i§ults in less flexibility in the management of Reclamation’s

approximately 2060 MCM (1.67 MAF) (Fig. 12). reservoir system. With reduced flows, it is more difficult for

. . Reclamation to manage reservoir releases to protect endan-
On average, streamflow over the San Juan River Basin de- L : ;
ered fish in the area, particularly as it relates to the regula-

creases over fgture multl-QecadaI periods. O.f m?erefst, On(%on of river temperatures and the protection of habitat area.
climate projection results in a streamflow projection in ex-

cess of 11100 MCM (9.00 MAF) in the year 2030. Like the
Gunnison River Basin, this projection is made by the Cana-
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Fig. 8. Annual water year streamflow projections from each of the 112 climate projections over the Gunnison River Bagihevipo-
transpiration changes with temperature consideredlanstatic evapotranspiration rates considered. Results from the CBRFC's calibrated
model are included as well as long-term averages. The blue lines in bold indicate the Maximum and Minimum Probable flows, defined by
the CBRFC as the 10 % exceedance and 90 % exceedance values, respectively.

4 Stationarity in projected streamflow forecasts tance is a value from which the hypothesis that the under-

lying distribution is the same for both samples may be re-
The definition of stationarity, particularly with regards to cli- jected if the value of the maximum distance exceeds a crit-
mate change, is often under debate (e.g., Matter et al., 2010¢al value defined by the size of the samples. The KS-Test
Milly et al., 2008; Raff et al., 2009; Villarini et al., 2009; has been used to compare ensemble streamflow projections
Wilby et al., 1999). The Kolmogorov-Smirnov Test (KS- between lumped and distributed hydrologic models (Carpen-
Test) is a nonparametric test for determining if the distribu-ter and Georgakakos, 2006) as well as detecting changes in
tions of two samples are the same. The KS-Test comparethe probability distributions associated with precipitation and
empirical distributions of two sample sets of data and deterstreamflow events (Wang et al., 2008). In this study, the
mining the maximum distance between the two sets of dat&S-Test is utilized to compare probability distributions of
(DeGroot, 1975; Georgakakos, 2003). This maximum dis-
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Streamflow Projections by Emissions Scenarios over the Gunnison River Basin
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Fig. 9. Streamflow projections over the Gunnison River Basin separated by emissions scenarios and by climatology used by the CBRFC.

multi-decadal streamflow projections. Significantly differ- the 112 temporally downscaled BCSD dataset over the en-
ent probability distributions are indicative of non-stationary tire period from 2010 to 2099. In this case, the test statistic

behavior. derived using the KS-Test was greater than the critical test
statistic. Thus, the null hypothesis that the data comes from
4.1 Gunnison River Basin results the same distribution could be rejected and may be indicative

of nonstationary behavior.

Summary statistics for streamflow projections over the Gun- The KS-Test was then applied between streamflow pro-
nison River Basin are presented in Table 3. While there igections derived by the CBRFC over the calibration period
an appreciable change in summary statistics between multiand streamflow projections derived using climate data from
decadal periods, these changes may be attributed to naturtiie 112 temporally downscaled BCSD CMIP3 dataset over
hydroclimatic variability within the Colorado River Basin as the period from 2010 to 2099, separated by emissions sce-
evidenced by tree-ring reconstructions over the region (e.g.hario and multi-decadal period. For each emissions scenario
Meko et al., 2007; Woodhouse and Lukas, 2006; Woodhousé@nd projected streamflow over the period spanning 2010 to
et al., 2006). The cumulative distribution functions (CDF) 2039, the test statistic was less than the critical value and
of streamflow, regardless of emission scenario, tend to béhe null hypothesis could not be rejected. However, for each
close, though separation is more apparent over the time peemissions scenario and projected streamflow over the period
riod spanning 2070-2099. spanning either 2040 to 2069 or 2070 to 2099, the null hy-
The KS-Test was first applied between streamflow prolec-pOthes'S could be rejected. Table 4 summarizes results of the
tions derived by the CBRFC over the calibration period andKS-Tests performed over the Gunnison River Basin.
streamflow projections derived using climate data from the
112 temporally downscaled BCSD dataset over the same pe4.2 Green River Basin results
riod. As would be expected, the test statistic derived using
the KS-Test was less than the critical test statistic. ThusUnlike the Gunnison River Basin there is not an appreciable
the null hypothesis that the data comes from the same disehange in summary statistics between multi-decadal periods
tribution could not be rejected. When streamflow projectionsover the Green River Basin. There is less deviation from the
derived from the 112 temporally downscaled BCSD datasetl976—-2005 mean over each multi-decadal period than that
were separated by emission scenario over the calibration pesbserved over the Gunnison River Basin.
riod, the result was the same. KS-Test results were developed in an identical fashion to
The KS-Test was then applied between streamflow prothose over the Gunnison River Basin. The results of each
jections derived by the CBRFC over the calibration period KS-Test indicated that the null hypothesis could not be re-
and streamflow projections derived using climate data fromjected; that is, each multi-decadal period did not come from
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Fig. 10. Annual water year streamflow projections from each of the 112 climate projections over the Green River Ba&h) eviepo-
transpiration changes with temperature consideredlanstatic evapotranspiration rates considered. Results from the CBRFC's calibrated
model are included as well as long-term averages. The blue lines in bold indicate the Maximum and Minimum Probable flows, defined by
the CBRFC as the 10 % exceedance and 90 % exceedance values, respectively.

a statistically different distribution. As a result, it is not pos- 4.3 San Juan River Basin results

sible to state that streamflow projections statistically exhibit

nonstationary behavior. The topography of the Green RiverSimilar to the Gunnison River Basin, there is an appreciable
Basin is generally more mountainous and at higher elevachange in summary statistics between multi-decadal periods
tions than those in the San Juan and Gunnison River Basingver the San Juan River Basin. KS-Test results were devel-
As warming temperature impacts are more prevalent at lowepped in an identical fashion to those over the Gunnison and
elevations, projected climate over the Green River Basin mayGreen River Basin. Results over the San Juan River Basin
exhibit more stationary characteristics since climate changgvere slightly different from those results derived over the
impacts are not as realized at higher elevations and latitudegunnison and Green River Basins. For the period spanning
(e.g., Mote et al., 2005; Mote, 2006). Table 4 summarizesp010-2039, the A1B emissions scenario exhibits a test statis-
the results of the KS-Tests over the Green River Basin.  tic greater than the critical value such that the null hypothesis
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Fig. 11. Multi-decadal averages of streamflow projections over the Green River Basin.
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Fig. 12. Annual water year streamflow projections from each of the 112 climate projections over the San Juan River B&s)jrevaito-
transpiration changes with temperature consideredlanstatic evapotranspiration rates considered. Results from the CBRFC'’s calibrated
model are included as well as long-term averages. The blue lines in bold indicate the Maximum and Minimum Probable flows, defined by
the CBRFC as the 10 % exceedance and 90 % exceedance values, respectively.

could be rejected. Like the Gunnison River Basin, all emis-the Green and Gunnison River Basins. Table 4 summarizes
sions scenarios and projected streamflow spanning the periogsults of the KS-Tests performed over the San Juan River
over 2040 to 2099, the test statistic was greater than the critBasin.

ical value and the null hypothesis could be rejected. Other

KS-Test results were qualitatively identical with those ob-

served over the Gunnison River Basin. Overall, the topogras piscussion

phy of the San Juan River Basin is at lower elevations than

those in the Green and Gunnison River Basins. As warr’_ningn this study, a methodology for incorporating BCSD CMIP3
temperature impacts are more prevalent at lower elevationgimate data into a hydrologic streamflow forecasting model

projected climate over the San Juan River Basin may exhibity 55 developed. This methodology utilized data from large
nonstationary characteristics sooner than those projected ig-51e GCMs that had been bias corrected and spatially
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Fig. 13. Multi-decadal averages of streamflow projections over the San Juan River Basin.
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Table 3. Gunnison River Basin summary statistics.

Summary Statistics of Streamflow Projections Over the Gunnison River Basin (MCM)

1976-2005 2010-2039 2040-2069 2070-2099

Statistic A2 Bl AlB A2 Bl AlB A2 Bl AlB A2 Bl AlB

Min 670 750 780 750 790 580 600 750 630 530 650 620
1stQuartile 1920 1940 1940 1750 1750 1620 1490 1600 1540 1410 1550 1490
Median 2540 2570 2540 2360 2360 2260 2100 2130 2090 1900 2060 2020
Mean 2690 2690 2690 2590 2580 2480 2330 2370 2360 2170 2340 2250
3rd Quartile 3270 3280 3240 3160 3120 3020 2900 2840 2960 2660 2850 2730
Max 8260 6910 6770 8290 9080 15630 8380 8880 8870 8990 8700 11180

Table 4. The following table is a summary of results from the KS Test applied in this study. Shaded boxes indicate time periods and
emissions scenarios that were different from the calibration period (1976—2005) with statistical significance (greater than or equal to the
95 % confidence interval). Unshaded boxes indicate that no inference could be made with statistical significance.

Time Period/
Emissions Scenario  Gunnison River Basin Green River Basin San Juan River Basin

B1 AIB | A2 | BL  AIB|A2| Bl
|
|
|
|

1976-2005
2010-2039
2040-2069
2070-2099

downscaled such that the data would be useful in regional hyef specific hydroclimatic variables to regional and global hy-
drologic studies. This study also proposes and incorporatedrology.
a methodology to integrate impacts to evapotranspiration un- E ¢ iration d d under chanai limat
der changing climate conditions, as there has been Iimite%.t. vVapo rants;t:n.ra.\ |:)n hergar; un erdc If’j‘”g'”f? ctlma € con-
research addressing this topic. This research further repret—I Ions 1S not trivial in ny trotogl.c mer ing etror ts_grt\(va— f
sents a methodology and progress towards the ability to inicf fesource management studies. A major contribution o
corporate climate change projections into Reclamation’s ex-thls stud_y is that by adjus_tln_g static evapotranspiration de-
isting operations plans and river and reservoir manageme and with tem_per_ature within a lumped modgl, _catchment
studies. Although this research considers a river basin Whergt_reamﬂow projections better reflect the p_otentlal Impacts OT
water resources are administered by a United States feder&"tr.n""t(?j chan%e. Tlt_n.e %BRSFA?CC;,:\;ITW %dJIUSt.fh?V?ﬁ Ot&%cssp"
agency (Reclamation), the methodology here is applicabl ation demand within the i model within the I
to any basin or watershed area, as well as any hydrologi FS_ to c_allbrate the modgl t(.) observed str_eamflow in the
model and climate data sets. While this research investigate asin. Th's methodology h|gh||ghts_ bqth the |mportar_10e and
changes to streamflow in response to projected changes incertamty regarding evapqtra.nsplranon m_hydrologl_g mod-
climate, specifically with respect to temperature, precipita—fEIIng ftu?'es' EvipOt:ﬁnfp"at'tOE demand tls da fserlilt|ve and
tion, and evapotranspiration demand, it is important to note MpPortant parameter that must be accounted for, however,
that these are not the sole parameters that may be investfj-ue to limited observgtlonal data, it is often implicitly calcu-
gated when using a hydrologic model to project future wa- ated thr_ough calibration e_fforts_or as part QT amass balance
ter supply. Recent research has investigated the role of IanH).rmUI.atlon' Under qhanglng climate conditions, t.h|s uncer-
cover and climatic change to basin hydrology (Cuo et al.,talnty INCreases. .Th's study presents a progressive method-
2009). By accounting for multiple emissions scenarios fromOIOgy through which changes .to e"f”‘po”""”Sp'Ya“O” demand
multiple climate models, this study implicitly accounts for m.?%/ bﬁ a(jtdreﬁsed wh:n dgallng twgh ur;]certamty asi,oglated
additional impacts to hydroclimatic variables due to climate W'!! climate change. Frevious studies have presented pro-
change. Future research is necessary to assess the impag ssive automated calibration schemes but do not address
evapotranspiration demand (e.g., Hogue et al., 2000, 2006;
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Sorooshian et al., 1993). Regardless, under changing climatéhe authors acknowledge the modeling groups, the Program for
conditions, accurate estimates and measurements of evap6limate Model Diagnosis and Intercomparison (PCMDI) and the
transpiration will become increasingly important. WCRP's Working Group on Coupled Modeling (WGCM) for their

. . . . roles in making available the WCRP CMIP3 multi-model dataset.

Prewoug gfforts to project Streamflpw unde.r changlr}g cl upport of this dataset is provided by the Office of Science, US

mate conditions over the Colorado River Basin have yielde
A epartment of Energy.

a broad range of results. Many studies indicate that over o _
the next 30 to 60 yr (2040 through 2070) the Colorado RiverThe research at University of Nevada, Las Vegas is supported
Basin may experience decreased runoff on the order of 60/553’E9Frgr(‘)t23 (;\:3?5;6E4P7%-9081%3;%35)@@EN&())()?(());A124310228, DOE
to 20% (Christensen et al., 2004; Christensen and Letten="—" i »an s '
maier, 200_7; McCabe_ gnd Woloqk, 2008; Milly et al., 2005); Edited by: J. Freer
these studies have utilized a variety of models (most notably
the VIC model), methodologies, and datasets. The results of
this study support previous research efforts indicating a de-
crease in flow from the Colorado River Basin, as evidenceoR
by c'iecreased flow over the Gynnlson and San Jgan R'\,/e,&nderson, E. A.: National Weather Service River Forecast System:
Basins. Recent research has indicated the potential for in- Snow Accumulation and Ablation Model, National Oceanic and

creased flow and variability in the northern portion of Col-  Atmospheric Administration, National Weather Service, Silver
orado River Basin and its surrounding area (e.g., Aziz et springs, MD, 1973.

al., 2010; Barnett et al., 2010). Here, projections of stream-Anderson, E. A.: Snow Accumulation and Ablation Model —
flow over the Green River Basin indicate the potential forin-  SNOW-17, National Oceanic and Atmospheric Administration,
creased flow into the future, suggesting that drying may not National Weather Service, Silver Springs, MD, 2006.

be uniform or present over the entire Colorado River Basin.Aziz, O. A., Tootle, G. A., Gray, S. T., and Piechota, T. C.: Iden-
Spatial heterogeneity with respect to the magnitude and state tification of PaC|f|c_Ocean sea surface temperature influences of
(i.e., wet or dry) of streamflow conditions over the Colorado  UPPer Colorado River Basin snowpack, Water Resour. Res., 46,

. - W07536,d0i:10.1029/2009WR008052010.
River Basin may present more complex challenges for wa Balling Jr., R. C. and Goodrich, G. B.: Analysis of Drought De-

ter resource managers as the impacts of climate change are terminants for the Colorado River Basin, Climatic Change, 82,
realized. 179-194, dio:10.1007/510584-006-9157-8, 2007.

Future efforts may examine an improved methodologyBarnett, F. A., Gray, S. T, and Tootle, G. A.. Upper
from that presented in this study. In particular, detailed as- green river basin (United States) streamflow reconstructions,
sessment of the uncertainty associated with the projection J. Hydrol. Eng., 15, 567-57%0i:10.1061/(ASCE)HE.1943-
of future flows may better quantify future ranges of pro-  5584.00002132010. _
jected streamflows. Here, a ratio method was employed as §2mett, T. P. and Pierce, D. W.: When Will Lake Mead Go Dry?,
post-bias correction term. This method has the advantage % Water Resour. Res., 4dpi:10.1029/2007WR006702008,

)

not confinina proiected streamflows to the previous rance arnett, T. P. and Pierce, D. W.: Sustainable Water Deliveries from
g proj P 9 the Colorado River in a Changing Climate, Proc. Natl. Acad. Sci.

historical values which is important when investigating cli-  \;5a 106 7334-7338 W0320d0i:10.1073/pnas.0812762106
mate change impacts and nonstationary behavior; however, 5o99 = '

advanced statistical methods may be employed to decreasgarsugli, J., Nowak, K., Rajagopalan, B., Prairie, J. R., and Hard-
uncertainty and narrow the range associated with long-term ing, B.: Comment on “When Will Lake Mead Go Dry?”, by Bar-
projections of streamflow. nett, T. P. and Pierce, D. W., Water Resour. Res., 45, W09601,

Under the definition of stationarity presented in Milly et _ doi:10.1029/2008WR007622009. _
al. (2008), lower latitude Colorado River Basin headwatersBrekke. L. and Prairie, J.: Long-Term Planning Hydrology based
(i.e., the Gunnison and San Juan River Basins) investigated on Various Blends of Instrumental Records, Paleoclimate, and

in this stud ill exhibit tati h teristi ith Projected Climate Information, US Department of the Interior,
in this study will exhibit nonstationary characteristics wi Bureau of Reclamation, Denver, CO, 2009,

changing climate cond_itions. This is impqrtant to water re-grapke L. D., Dettinger, M. D., Maurer, E. P., and Anderson, M.:
source managers, particularly in Reclamation, where past ob- sjgnificance of Model Credibility in Estimating Climate Pro-
servations of streamflow are assumed to be representative of jection Distributions for Regional Hydroclimatological Risk As-
future conditions. Future study may investigate the presence sessments, Climatic Change, 89, 371-394, 10.1007/s10584-007-
on nonstationarity at the seasonal scale to determine poten- 9388-3, 2008.
tial shifts in the timing and magnitude of streamflow runoff Burnash, R. J., Ferral, R. L., and McQuire, R. A.: A General-
under changing climate conditions. ized Streamflow Simulation System, in: Conceptual Modeling
for Digital Computers, USA National Weather Service, 1973.
Carpenter, T. M. and Georgakakos, K. P.: Intercomparison of
AcknowledgementsThe authors would like to acknowledge the Lumped Versus Distributed Hydrologic Model Ensemble Simu-
staff of the CBRFC in Salt Lake City, Utah for allowing access to  lations on Operational Forecast Scales, J. Hydrol., 329, 174-185,
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