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ABSTRACT

Assessment of Impacts to Hydroclimatology and River Operations Due to Cliate
Change Over the Colorado River Basin

by
William Paul Miller
Dr. Thomas C. Piechota, Examination Committee Chair
Director of Sustainability and Multidisciplinary Research
Associate Professor, Civil and Environmental Engineering
University of Nevada, Las Vegas

This dissertation investigated the impacts of climate change to the yziotogy
and river and reservoir management operations within the Colorado River Basin.
Preliminary research indicated observed warming trends throughout the Colorado Ri
Basin and corresponding seasonal trends to the magnitude and timing of runoff in the
Colorado River Basin. Subsequent research investigated the changing clodracte
precipitation and corresponding impacts to streamflow over the Colorado River Basi
Analysis of snowpack telemetry (SNOTEL) stations over the American &vielst
Colorado River Basin indicated decreasing trends in annual snowpack, often dt least a
the 95% confidence interval. A shorter snowpack season was observed within the gage
record at most SNOTEL locations throughout the western United Statesnjtie of the
snowpack season decreased approximately 1 day per year throughout much of the
Colorado River Basin. Decreasing snowpack trends correspond with decreased runoff
over the Colorado River Basin.

Research then focused on the derivation of streamflow projections under changing

climate conditions. Using temporally disaggregated, bias corrected andlgpatia

downscaled climate projections of temperature and precipitation to forcetibadlla
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Weather Service River Forecasting System developed over the Colorado Rivebya

the Colorado Basin River Forecast Center, projections of unregulated streaméew

climate change conditions were derived over three Colorado River headveatst ba
Projections of unregulated streamflow over the Gunnison and San Juan River Basin
decreased approximately 15% to 20% over the 90 year projection period. Over the Green
River Basin, an increase of approximately 3% was projected over the same 90 yea
period. Information from these streamflow projections were then used to favee a r
management planning model utilized by the United States Bureau of Reolamati
(Reclamation) over the San Juan River Basin.

This research contributed to the understanding of hydroclimatology within the
Colorado River Basin and impacts to river hydrology and management under changing
climate conditions. This was done primarily in three sections. First, trendsvipack
characteristics were compared to annual and seasonal trends in streannitprotve
understanding of how hydroclimatic indices impact streamflow within the Glaora
River Basin. Secondly, temporally disaggregated bias-corrected spataihscaled
projections of climate were used to derive streamflow projections over tea,Gre
Gunnison, and San Juan River Basin. Changes to evapotranspiration with temperature
were taken into consideration, and projections were subjected to analysis for ewfienc
nonstationary behavior. Finally, this dissertation represents Reclamditishésffort in
the Colorado River Basin to incorporate climate change information into a planning
model.

This research improves the understanding of the relationship between climatic

variables and hydrology within the Colorado River Basin, and successfully derives

www.manaraa.com



projections of streamflow using projections of temperature and precipitation over
Colorado River headwater basins. These streamflow projections may be usedrby wat
resource managers to evaluate potential ranges of resource managempat&sfiom
climate change are realized. Information from these streamflowcpaujs are
incorporated into a Reclamation planning model. This research provides a proof of
concept that may be followed to incorporate climate change information into
environmental water resource planning and operations. With changing climate
conditions, Reclamation must maintain proactive conservation efforts anerdfficter

management practices to meet water delivery requirements and flanvmendations.
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CHAPTER 1
INTRODUCTION
1.1 Research Problem

In January of 1999, the Colorado River System was at approximately 91% capacity;
collectively, Lakes Powell and Mead were at approximately 95% capa&iitge then,
the Colorado River Basin has experienced the driest 10-year period (2000 — 2009) over
the historical gaged record (in excess of 100 years), decreasing sggtacity to
approximately 52%. Recent studies have indicated this current drought to be one of the
most severe in history (e.g, T. Piechota et al., 2004; Timilsena et al., 2007). Since 1950,
the contiguous United States has experienced warming trends, and, with the exception of
the American southwest, increased precipitation. Without this increase ijitptem,
most of the United States may have experienced periods of extreme diagibtling
et al., 2007), much like the Colorado River Basin.

The United States Department of the Interior, Bureau of Reclamatiora(fRechn)
manages a complex water storage and delivery system on the Colorado Riner/A=a
the impact of increasing temperature and decreasing precipitation treodsdmore
prevalent to streamflow and resultant reservoir operations, Reclamation raunshex
risks and uncertainty associated with operating this complex river sysigen changing
climate conditions. Reclamation has often relied on past observations of clirdate a
hydrology to plan and model reservoir operations within the Colorado River Basin; in
light of climate change, the assumption that past hydroclimatology ssesgiative of
future hydroclimatology may no longer be accurate. In this dissertation the

understanding of climate change impacts to water resources in the ColoradB&sin
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is expanded. Furthermore, projections of climate data are investigated to exhibit how
projections of future climate may be incorporated into Reclamation planning and
operations.

1.1.1 Trends in Western U.S. Snowpack and Corresponding Impacts to Streamflow in

the Colorado River Basin

The timing and magnitude of streamflow in the Western U.S. and Colorado River
Basin is related to the character of precipitation events (i.e. snowfalpasempto
rainfall) and timing and magnitude of snowmelt. Research has indentisegies to the
timing and distribution of streamflow in the Colorado River Basin (Cayan et al., 2001,
Fassnacht, 2006; Groisman et al., 2001; Hamlet et al., 2007; e.g, Lins & Slack, 1999;
Mauget, 2003; McCabe & Dettinger, 2002; Pagano & Garen, 2005; Regonda et al., 2005;
Rood et al., 2005; Stewart et al., 2004; Stewart et al., 2005) under changing climatic
conditions, most notably increased warming trends. Research has also begunfyo identi
changes in the character of precipitation; that is, changes to the frequérahyration of
rainfall and snowfall events in the Western U.S. and Colorado River Basin (Feng & H
2007; Gutzler, 2000; Knowles et al., 2006; Trenberth et al., 2003). However, most
studies have focused on declining snowpack trends and changes to streamflowlés a res
(e.g., Clark et al., 2001; Hamlet et al., 2005; Kalra et al., 2008; McCabe & Dettinger,
2002; McCabe & Clark, 2005; Mote, 2003; Mote et al., 2005; Mote, 2006; Serreze et al.,
1999; Serreze et al., 2001; Stewart et al., 2004). While many of these studiesroffer
insight as to the impact of changing precipitation characteristics @mdtosv, the
comparisons of precipitation character (i.e., snow or rain) and the corresponding

streamflow are lacking. Currently, no studies have been performed that evhkiat
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impacts of changing precipitation characteristics (the frequency and e@brainfall

and snowfall events) with changes in the timing and magnitude of streamflow in the
Colorado River Basin. In this dissertation, the correspondance of precipitation
characteristics to streamflow over the Colorado River Basin will be addre$hes will

be explained through the use of Kendall's tgunonparametric test for monotonic trend
with a correction for ties. Kendalltss well-suited for applications to water resources, as
it is a rank-based procedure that is resistant to outliers in time Gegeslelsel &

Hirsch, 1992). Kendall'stest has successfully been used in previous research
investigating the trends in precipitation and streamflow observations {ggngton et

al., 2004; Knowles et al., 2006; Rood et al., 2005).

1.1.2 Derivation of Streamflow Projections from Statistically Downscaled-B

Corrected Climate Data at Colorado River Basin Headwaters

As climate change impacts affect the hydroclimatology of the Colorado Bagén,
temperature and precipitation changes directly impact the magnitude and timing of
streamflow (e.g. Cooley, 1990; Easterling et al., 2007; Gleick & Chalecki, 1999;
Groisman et al., 2001; Hamlet et al., 2005; Lins & Slack, 1999; Mauget, 2003; Maurer &
Duffy, 2005; Milly et al., 2005; Nash & Gleick, 1991; Regonda et al., 2005; Stewart et
al., 2004). In light of altering climatic conditions and projections that clinwatdittons
will continue to change under anthropogenic forcing (Metz & Intergovernmesmal P
on Climate Change, Working Group lll, 2007; Parry & Intergovernmental Panel on
Climate Change, Working Group II, 2007; Solomon & Intergovernmental Panel on

Climate Change, Working Group I, 2007), historical observations of streamflow may no
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longer accurately project future streamflow; projections of streamfhust now
incorporate hydroclimatic trends under changing climate conditions.

Recently, Reclamation used multiple methods to address future hydrology in the
development of the Colorado River Interim Guidelines for Lower Basin Shortages and
Coordinated Operations for Lakes Powell and Mead (Interim Guidelines) (U.S.
Department of the Interior, Bureau of Reclamation, Upper and Lower ColoraganRe
2007). Among those methods used to address future hydrologic conditions over the
Colorado River Basin are the Index Sequential Method (ISM), Direct Pako éDd
Nonparametric Paleo Conditioning (NPC) methods (each of these methods assetisc
in Appendix N of the Interim Guidelines). Through the use of these methods,
Reclamation is able to address hydrologic variability within the Colorado Bagn as
a result of possible changes to climate for long-term (approximately 2€) ydamnning.

Streamflow traces such as those developed through an ISM are relativig.lim
Streamflow projections derived through the use of the traditional ISM ar&aoes by
reconstructions or historical observations of flow and assume that past land and
atmospheric conditions are representative of future conditions. Reclamation’arshor
long term operations are dependent on streamflow projections and now face the challenge
of incorporating climate change into the development of improved streamflow
projections.

Studies have consistently incorporated hydroclimatic variables into the deesiopm
of streamflow projections. Most commonly, these studies have examined the link
between naturally recurring teleconnection patterns and their correlation wi

hydroclimatic variables such as temperature, precipitation, and stoganflesearch has
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shown varying degrees of correlation between teleconnection patterns wiblelmgeltic
variables under various spatial and temporal conditions. Hydroclimatic and drought
response to teleconnection patterns in the Colorado River Basin is most oftést@ssoc
with the El Nifio Southern Oscillation (ENSO), Pacific Decadal Oscillaf®(Y),

Atlantic Multidecadal Oscillation (AMO), and Southern Oscillation IndeQIjS
teleconnection patterns, among others (e.g., Clark et al., 2001; Hamlet &nhaite,

1999; Hamlet & Lettenmaier, 2007; Hamlet et al., 2007; McCabe & Dettinger, 2002;
McCabe et al., 2007; T. C. Piechota & Dracup, 1996; T. C. Piechota et al., 1997; Thomas,
2007; G. Tootle et al., 2009; G. A. Tootle & Piechota, 2006). While teleconnection and
sea surface temperature data have been used to forecast or modelcstre@edtly or

based upon expected temperature and precipitation response to atmospheric circulation
patterns (e.g. Chiew et al., 1998; T. C. Piechota et al., 1998; T. C. Piechota et al., 2001;
G. A. Tootle & Piechota, 2004), only a spatially broad and generally qualigggpreach

has been explored examining the response of streamflow projections to changes in
hydroclimatic variables over the Colorado River Basin.

The World Climate Research Programme’s (WCRP’s) Coupled Model
Intercomparison Project phase 3 (CMIP3) multi-model dataset has recesrilynaele
available through a joint effort between Reclamation, Santa Clara Unm@&8€iU), and
the Lawrence Livermore National Laboratory (LLNL) and providesstieailly
downscaled, bias corrected climate projection data from a myriad of cinoakels over
the continental United States. Currently, there are no studies that have incdrijosate
advanced downscaled dataset into projections of streamflow data in the Colorado River

Basin.
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The Colorado Basin River Forecast Center (CBRFC) provides Reclamation wit
unregulated inflow forecasts which are used as input into Reclamation’s opakati
forecasting and policy models. The term "unregulated" as it pertaingaongiow is
that streamflow modeled or calculated if the absence of reservoirtregudad
anthropogenic diversions is assumed. Unregulated streamflow forecadtseaped
from an ensemble of streamflow models incorporating a wide breadth of hydratayi
climatic data. While these models are statistically robust and uhkzmbst accurate
historical and current data available, no studies have determined the effecgtdaiace
inflow forecasts derived from CBRFC models forced with projected, downscaleatel
conditions (e.g. temperature and precipitation characteristics) from amuadg} dataset
such as that from WCRP’s CMIP3. Currently, no study has developed unregulated
streamflow projections from the ensemble of CBRFC models from downscaletkeclima
projection data from WCRP’s CMIP3 multi-model dataset. In this dissertation,
streamflow projections developed through the use of projected climate data (i.e
temperature and precipitation projections) will be discussed.

1.1.3 Incorporation of Streamflow Projections Under Changing Climate Conditions int

Reclamation’s Planning Model for the San Juan River Basin

Reclamation has traditionally relied on historical data to project futudeoblymatic
and reservoir conditions within the Colorado River Basin. To date, climate change
information directly from Global Climate Models (GCMs) has not been incagmbrato
hydrologic models used by Reclamation to make operational and policy decisions ove
the Colorado River Basin. In this dissertation, streamflow projections derorad fr

projections of future climate conditions will be used to force a Reclamationipta
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model over the San Juan River basin. Model results will be used to assess the ability of
Reclamation to meet current environmental flow recommendations in the San Juan river

basin in light of changing climate conditions.

1.2 Research Questions and Hypothesis

The goals of the research presented in this dissertation are to addressnitia pote
impacts of climate change to the hydroclimatology of the Colorado River Basin a
potential impacts to the Reclamation reservoir operations under projectidrengiroy
climate. This will be accomplished by investigating the relationship between
precipitation characteristics and basin snowpack, utilizing climate payedb derive
projections of future streamflow, and evaluating the impacts of those projected
streamflow conditions on reservoir operations on the San Juan River Basin. Prior
research focused on the analysis of hydroclimatic trends over the Colorad®&sue
region (Miller & Piechota, 2008).

An improved understanding of how climate change will impact water rescamdes
the management of resources within the Colorado River Basin will be acsbatpby
first investigating the current linkages between hydroclimatic trereldrgnds in
precipitation characteristics and trends in streamflow). River managenpamts will
be assessed first through the derivation of projected streamflow using theCGBaUel
forced with projections of future climate data from the WCRP CMIP3 datasese
projections of streamflow will be used in a Reclamation planning model to assess
potential impacts of climate change to reservoir operations and Reclamabditysto
meet recommended environmental flows in the San Juan River Basin. The research

guestions and hypothesis addressed in this dissertation are as follows:
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Research Question #1 — How have changes in precipitation characteripacsed
streamflow conditions in the Colorado River Basin as climate change is occuktasy?
the timing and magnitude of streamflow within the Colorado River Basin changed?

Hypothesis #1 — As the impacts of climate change is realized over the Colavado R
Basin, temperatures in the region have increased while precipitation heasdelc
Recent study has indicated a shift in the timing and magnitude of strearnftawghout
the basin (Miller & Piechota, 2008). With increasing temperatures, the arasfct
precipitation (i.e. snowfall as compared to rainfall) events has changedngesuless
snowpack and earlier runoff throughout the basin.

Research Question #2 — Reclamation has traditionally used historic datgetd pr
streamflow conditions within the Colorado River Basin. However, due to climate
change, past hydrologic conditions may no longer be representative of futtwepid
conditions. Can projections of future climate conditions over the Colorado River Basin
be used to project future streamflow conditions over the region? How might those
projections of streamflow be incorporated into Reclamation operations and planning?

Hypothesis #2 — Recently available downscaled and bias-corrected data from the
WCRP CMIP3 dataset may be used to force the CBRFC River ForecagiteIRFS)
currently used to provide Reclamation with forecasts of unregulated streawitlow
the Colorado River Basin. These streamflow projections may then be used to force
Reclamation river and reservoir management models.

Research Question #3 — What are the impacts to reservoir operations and the abilit
of Reclamation to meet environmental and water delivery requirements undginghan

climate conditions?
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Hypothesis #3 — Under changing climate conditions, the timing of magnitude of
streamflow into Reclamation reservoirs will change. Reclamation may oeellist
reservoir operations to be more responsive to changes in streamflow cistiestes

climate change impacts are realized.

1.3 Presentation of this Research

This dissertation is presented in seven chapters. Chapter 2 presents an overview of
the current state of knowledge with regards to the overall study of climate chenge, t
Colorado River Basin, and climate change studies previously done over the Colorado
River Basin. Chapter 3 presents preliminary research examining teampera
precipitation, and streamflow trends over the Colorado River Basin region and paiblishe
in the Journal of Hydrometeorology. Chapter 4 examines trends in snowpack over the
Western U.S. using the Kendall's tajifonparametric test for monotonic trend with a
correction for ties. The correlation between changes in the character pftpteei and
changes streamflow are considered within the Colorado River Basin. Chapter 5
investigates how statistically downscaled, bias corrected climadrdat the WCRP
CMIP3 dataset can be used to derive projections of future streamflow in Colorado River
Basin headwaters using the CBRFC RFS. Projected streamflow condigasaanined
for decadal changes and potential for nonstationarity with changes in clinteipteC6
examines the impacts to Reclamation operations within the San Juan river basin under
changing climate conditions by using streamflow projections derived thrbagisé of
the WCRP CMIP3 dataset to force a Reclamation planning model. Chapter 7 will
summarize the results and conclusions of this study as well as provide someeatodanc

future research.
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CHAPTER 2
STATE OF KNOWLEDGE
2.1 Colorado River Basin
Water resources, policy, and management have become the Gordian knot of the

American West (Bates & University of Colorado, 1993). This is no truer than in the
Colorado River Basin (Figure 1), which spans much of the American West, providing
water to seven basin states and Mexico. The Colorado River provides water to over 27
million people and irrigates over 3.5 million acres of farmland. The Colorado River
Basin is divided between the supply-driven Upper Colorado River Basin and the demand-
driven Lower Colorado River Basin; that is, water allocation in the Upper Colotigdpo R
Basin is dependent on available resources, whereas water is allocatedrbdsatand in
the Lower Colorado River Basin. Of the approximately 15 million acre-feAEj\f
inflow into the Colorado River Basin, approximately 14.5 MAF is currently alldcate
annually. The Colorado River Basin is unique from other water managementssistem
that it has the capability to store approximately four times, 60 MAF, the &varagal
inflow; most of the storage is concentrated within the Lake Powell and Laké Me
reservoirs. Historically, inflow into the Colorado River Basin is highly \éeiand

typically driven by snowpack in the Upper Colorado River Basin.

10
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Figure 1. The Colorado River Basin is divided intathe Upper and Lower Colorado Regions.

The Colorado River Basin is a tremendously legislated river and has beentealled t
great epic in American water law and politics (Sax, 2000). Since 1922, Reolammadsi
managed the Colorado River based on a myriad of federal laws, compacts, court
decisions, agreements, and international treaties collectively knowwa dsaiwv of
River.” In essence, the Law of the River defines the allocation of Colorado\Rater

to each of the seven basin states and Mexico, defines reservoir operations within the

11
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basin, and, since 2007, begun to define water management operations in times of
shortage. To date, there has never been a water allocation shortage dgclared b
Reclamation for the Colorado River Basin.

2.1.1 Current Colorado River Basin Drought

Long-term paleologic streamflow records have been reconstructed usanfgotiat
tree-rings within the Colorado River Basin (Meko et al., 2007; Woodhouse et al., 2006).
These streamflow reconstructions may be used as indicators of drought within the
Colorado River Basin and have been utilized by Reclamation in the development of
reservoir management strategies. Tree-ring reconstructions have skhevendseughts
in the region over the past 1200 years (e.g., Meko et al., 2007; Woodhouse et al., 2006),
implying the potential for the current severe drought to continue and for future seve
drought events. Tree-ring reconstructions by Meko et al. (2007) show that the Colorado
River Basin has experienced long-term, severe droughts in the past; mbht, niota
lowest 25-year average flow was experienced between 1130 — 1154, when the basin
experienced only 87% of average over the historical, observed record (1906-2004).
Taking into account tree-ring reconstructions, the current drought in the Colorado River
Basin is the worst since 1923. Based on research by Timilsena et al. (20@d)rene
drought is between thé"and 14" worst drought in terms of magnitude arittd 12"
worst in terms of severity (Timilsena et al., 2007).

In light of the current drought, Reclamation developed the Interim Guidelines (U.S
Department of the Interior, Bureau of Reclamation, Upper and Lower ColoraganRe

2007), further structuring the Law of the River.

12
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2.1.2 Colorado River Interim Guidelines

In May of 2005, the United States Secretary of the Interior initiated a public proces
to address declining reservoir levels in the Colorado River Basin and assuage tens
between states and the Upper and Lower Colorado River Basins over the manajement
water resources during the drought. At this time, neither Reclamation nor the
overarching Department of the Interior had defined the operation of LakellRow
Lake Mead throughout the full range of reservoir conditions because low reservoi
conditions as the result of drought and increased consumptive use in the Colorado River
Basin had not occurred in the past. The goal of the Secretary of the Interior dedime
a strategy for addressing shortage in the Colorado River Basin should ressmeigir |
continue to decrease, and also fully develop the range of operating criterakésr
Powell and Mead. The culmination of this work was the 2007 Interim Guidelines.

As stated previously, there has never been a water allocation shortage imposed upon
the Lower Colorado River Basin; a testament to the immense amount of storage and
management practices in the basin. In addition to defining a strategginggsttortages
and defining the full range of operation for Lakes Powell and Mead, the Interim
Guidelines introduced new water management mechanisms to allow stateseand wat
users the opportunity to use and manage water more efficiently and with mdr#itijexi
For example, the Interim Guidelines defined Intentionally Created Surpl83. (ICS
water may be created by Colorado River stakeholders through projects whictveanse
import water into the Colorado River system. This ICS water may then be sdwadain
Mead for future use and benefit to the basin. The Interim Guidelines alstafachie

exchange of water between states, which was very difficult and subject togpolitic

13
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sensitivity prior to the implementation of the guidelines. The Interim Goekehre in

place through 2026, allowing for the collection of operational data and experience. The
Interim Guidelines declare a shortage in the Lower Colorado River Basin when Lake
Mead'’s surface water elevation falls below 1075 feet; currently, Lake Msadace

water elevation is approximately 1100 feet, and projected to be approximately &077 fe
at the end of 2010. At this first level of shortage, the Lower Colorado River Basin
reduces the total water allocation by 333,000 acre-feet. This initial gaastdivided
between junior priority users in Arizona and Nevada, with Arizona taking appr@tymat
97% of the shortage.

2.1.3 Colorado River System Modeling

Reclamation’s Interim Guidelines were developed using the Colorado River
Simulation System (CRSS) model (U.S. Department of the Interior, Bofeau
Reclamation, Lower Colorado Region, 1985; U.S. Department of the Interior, Bureau of
Reclamation, Lower Colorado Region, 1992). Reclamation’s CRSS model is a long-term
policy model within the RiverWare framework. RiverWare is an object-@ukmtile-
based simulation modeling software developed by the Center for Advanced Decision
Support for Water and Environmental Systems (CADSWES) at the University of
Colorado (Zagona et al., 2001). Most operational and planning models utilized by
Reclamation in the Colorado River Basin are based within the RiverWare foaknew

The CRSS model is rule based and operates under the legal guidelines imposed by
Reclamation on the operation of reservoirs within the Colorado River System in response
to current and projected water availability. Although the CRSS model was used

extensively in the development of the Interim Guidelines, traditional assunajutf
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water availability and streamflow were used to drive the model. These dEms@o
not take into account long-term impacts of climate change or trends in hyditotdigya

Reclamation also utilizes a mid-term deterministic model which prajectghly
reservoir operations over a 2-year period commonly referred to as the “24-Modyti’S
The results of the 24-Month Study define the operational tier under which the Lake
Powell and Lake Mead reservoirs operate. Operational tiers at Laked BadvMead
are set by the 24-Month Study, which takes into account current reservoir levedst c
water demand, and forecasts of streamflow provided by the Colorado Basin River
Forecast Center (CBRFC). Although climate change impacts arellypeaized over
the time period of decades, the 24-Month Study model utilizes static variables! el
evapotranspiration, intervening flow, and forecasted streamflow outside oBRE
forecast which may be influenced by climate change.

Traditionally, Reclamation has used an index sequential method (ISM) to project
future streamflow events in modeling efforts. However, methods such as ISM do not
explicitly take into account changes to climate dynamics and aredifbytéhe observed
period of record. Methods such as ISM assume the past to be representative of future
conditions; however, as climate change impacts are realized, past hydtarcli
conditions may not be representative of future conditions. Reclamationviacti
engaged in developing and utilizing streamflow datasets conditioned on advanced
statistical methods and current and projected climate conditions (J. Br@iakejo,

2005; J. Prairie et al., 2007).
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2.1.4 Climate Change Streamflow Scenarios

The development of streamflow conditions under projections of Colorado River Basin
hydroclimatology impacted by climate change may allow for the leng-evaluation of
Colorado River Basin operations when input into the CRSS or another Reclamation
operational model. Christensen et al. (2004) investigated the impacts to Colorado Rive
operations under three business-as-usual (BAU) emissions scenarios arid®8tatic
greenhouse gas concentrations using a simplified version of CRSS, the Colorado River
Reservoir Model (CRRM). Christensen et al. (2004) utilized climate siggsalts from
the Parallel Climate Model (PCM) to force the Variable Infiltratiap&city (VIC)
hydrologic model. Streamflow results from the VIC model were used to force the
CRRM, and results were divided up into three time periods: 2010-2039, 2040-2069, and
2070-2098. Among other findings indicating consistently increasing average annual
temperatures and decreasing precipitation and snowpack trends over the Colorado Rive
Basin, runoff over the Colorado River Basin decreased by 10% in the control run, and
decreased by 14%, 18%, and 17% over the aforementioned time periods, respectively;
storage decreased by 7% in the control run, and decreased by 36%, 32%, and 40% over
each respective time period (Christensen et al., 2004). Most interestingbte@$en et
al. (2004) was able to examine impacts to Colorado River operational policy through the
CRRM, and found that mandated releases from the Upper Colorado River Basin to the
Lower Colorado River Basin were met only 80% of the time during the control
simulation, and between 59% and 75% of the time under the BAU scenarios; however, it
is important to note that this study occurred before the implementation ohficia’s

most recent guidelines.
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Similar results over the Sacramento-San Joaquin River Basin (L. D. Brekke et
2004; VanRheenen et al., 2004), Sierra Nevada region (Dettinger et al., 2004), and the
Columbia River Basin (Payne et al., 2004) have been reported. Other significdst e
incorporating climate change into the management of water resource®pautiquus in
the California region have been made (J. Anderson et al., 2007; Cayan et al., 2007,
Vicuna & Dracup, 2007). However, most climate change impact studies in the Colorado
River Basin have focused on incorporating extensive streamflow observationsdesm t

ring reconstructions rather than projections of future climate.

2.2 State of the Science of Global Climate Change

Despite public perception and popular media reports to the contrary, scientific
consensus regarding climate change does exist (Oreskes, 2004). While saedtist
researchers may disagree with the extent of current or potential impzatiecthange
may have on the environment and water resources and the level of uncertainfprigt
et al., 2005), there is unequivocal agreement that climate change existsuétadtres
impacts are forthcoming. The issue of climate change is a far-ngaahé, and one
whose scope breaches purely scientific boundaries and reaches into a rehlos ainet
morals. The World Health Organization (WHO) estimates that since 2000, the annual
death toll due to climate change is in excess of 150,000 people (Broome, 2008).
Ultimately, addressing the issue of climate change will involve more tisaithe
scientific community; it will involve the global community and a commitmeratrt
unprecedented investment in humanity. In this dissertation, the focus will be ateclim

change impacts to the Colorado River Basin from a research-driven, scigmdifi
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operational perspective, though it is acknowledged that sociopolitical and economic
factors exist.

With the recent release of the Fourth Assessment Report by the World Metmaiolog
Organization’s Intergovernmental Panel on Climate Change (IPCC), intecdishate
change and the impacts to natural resources has never been higher. The findings
published by the IPCC report with very high confidence (i.e., at least a 90% chance of
being correct) that regional climate change, particularly increasmpdratures, have
been observed on every continent and ocean in the world; furthermore, it is likely (i.e.,
66% to 90% probability) this global warming is driven by anthropogenic factatz (&8I
Intergovernmental Panel on Climate Change, Working Group 1ll, 2007; Parry &
Intergovernmental Panel on Climate Change, Working Group I, 2007; Solomon &
Intergovernmental Panel on Climate Change, Working Group I, 2007). A 2008 report by
the United States Climate Change Science Program concurs that anthroplygdmvesd
global warming will impact nearly every facet of America (Cliem@hange Science
Program (U.S.) et al., 2008).

Stainforth et al. (2005) utilized the Met Office Unified Model, a global cittra
model (GCM) consisting of the HadAM3 atmospheric model coupled with a mixed-layer
ocean to produce 2017 unique simulations, each contributing to an ensemble of climate
change scenarios. In climate change studies, ensembles are esseaialréotbe large
degree of variability in weather characteristics and physicalseptation of Earth’s
processes (Karl & Trenberth, 2003). Each simulation is a unique set of six paramete
perturbations considered plausible by climate change experts; modeltgimaiconsist

of a 15-year calibration phase, a 15-year control phase, and a 15-year phasedsttbjec
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doubled levels of atmospheric @0Global mean temperatures of the simulations ranged
between 4%C and 72C, with most simulations approximately equal t6@{Stainforth
et al., 2005). These results suggest that while the atmosphere is warmingrelegaeg
which it is warming is uncertain. As such, the range of impacts of clichatege is of
primary interest to resource managers.

While uncertainty exists as to the extent of natural climate variabiidd human-
induced climatic change (Stainforth et al., 2005), there is no doubt that the curremt patt
of climate disruption is due to the influence and effects of anthropogenicaindri
greenhouse gas emissions. The recent IPCC Fourth Assessment Report fihés that
observed increase in global average temperatures is very likely (i.e. 90% to 99%
probability) and is due to an increase in anthropogenic greenhouse gas concentrations
(Metz & Intergovernmental Panel on Climate Change, Working Group lll, 200%, a
Intergovernmental Panel on Climate Change, Working Group I, 2007; Solomon &
Intergovernmental Panel on Climate Change, Working Group |, 2007). The IPCC
forecasts a 0.2 average global warming over the next two decades, which agrees with
most climate projection models forecasts of°€ 1o 2°C average global warming over
the next 20 — 60 years (L. D. Brekke et al., 2008).Climate change studies illbstrate
human activities have changed the composition of the Earth’s atmosphere, and have been
the most dominant and detectable factor over the past 50 years (Karl & riine@083).

2.2.1 Climate Change Impacts to Global Water Resources

Climate change will have an impact on global hydrology as well as thelaltyila

and distribution of water resources. Milly et al. (2005) analyzed the output from 12

GCMs and 165 basins with at least 28 years of well defined hydroclimatic data
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worldwide. Of the ensembles in the Milly et al. (2005) study, there is centist
agreement of a 10% to 40% increase in runoff by 2050 in the high latitudes of North
America, Europe, and Asia, as well as the La Plata Basin in South Amadlithea

eastern portions of Africa and Pacific Ocean islands. Decreases in ({L0f4ftto 30%

by 2050) are observed in model output in the Middle East, southern Europe and Africa,
and in the western United States. Regional and global changes in runoff and other
hydroclimatic factors is echoed by Huntington (2006), whose study desdngneges in

the distribution and character of streamflow and precipitation as “hydrologic
intensification.” This intensification is reflected in higher global p#ation intensity

and earlier seasonal peak streamflow magnitude. This is apparent in mountainous
regions, where temperature changes have altered the timing of snowmelexami$

and associated flooding events (Zierl & Bugmann, 2005). The frequency and inbénsity
rainfall events are a result of rising temperatures decreasingahprmipensity and

altering precipitation dynamics (e.g., Chiew et al., 1998; Chiew, 2006). Theggesha

in streamflow timing and magnitude are of particular interest to waseurce managers.

2.2.2 Climate Change Impacts and Drought in the United States

Chiew and McMahon (2002) investigated the correlation of teleconnection data with
streamflow in 581 hydrologic catchments worldwide. Although the degree ofatmme
between streamflow and the ENSO climate indices varied spatially srésuit the study
suggest that the ability to project streamflow worldwide based on hydroclivaaiables
exists. With changes in global and regional hydrology, anomalous extremeeclimat

events, such as drought, are of concern to those affected by climate change.
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The frequency and severity of climatic extremes (i.e., dry and wet condtichsas
droughts and floods) have been impacted by global climate change, pasticuthd
southwestern United States, which is currently experiencing one of thednaughts in
history. The United States has experienced increasing temperature imeads ast
1950, particularly in the western region (e.g., Andreadis & Lettenmaier, E@8€erling
et al., 2007; Hamlet et al., 2005; Mauget, 2003; McCabe & Wolock, 2002; Mote, 2003;
Nash & Gleick, 1991; Rood et al., 2005; Stewart et al., 2005). As a result of rising
temperature trends associated with climate disruption, changes in dryspssroelate
with changes in streamflow and precipitation distributions, affecting thialbNigy and
management of water resources.

Easterling et al. (2007) examined the effects of temperature and @eoipitends
on water availability in the United States through analysis of 4000 Cooperabezver
Network (COOP) gages made available through the National Climatiac@snter
(NCDC). Through use of the COOP, Easterling et al. (2007)was able to generate
monthly precipitation, temperature, and Palmer Drought Severity Index)R&l&es for
each of the 344 climate divisions in the United States. Annual total precipitatiotheve
United States increased 0.48 in/decade between 1950 and 2006 which is consistent with
other studies (Groisman et al., 2001; Huntington, 2006); temperature increasey linea
32°F/decade over the same time frame. Although Easterling et al. (2007 sight a
decrease in dry areas over the contiguous United States, regional resedis Vae
Northwest and West North Central areas of the United States indicated adnagiggt
frequency, while the West and Southwest showed a tendency to remain in a perpetual

drought, interrupted only periodically by short wet periods. It is only due to incgeasin
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trends in precipitation that drought circumstances in the contiguous Unitedl&tsaites
been somewhat mitigated.

Andreadis and Lettenmaier (2006) used NCDC data to force the VIC model to
simulate soil moisture and runoff conditions over the contiguous United States. Modeled
results from VIC simulations presented by Andreadis and Lettenmaier (2§)@&)with
observed trends presented in Easterling et al. (2007). Using the Mann-kKstaiikstical
test for time series of soil moisture and streamflow, Andreadis and Letiem{R006)
showed increasing soil moisture trends over 43.6% (2.9% decreasing) of the United
States at the 95% confidence interval; similarly, streamflow increase@®&\én (2.3%
decreased) of the domain. Despite overall increasing trends in soil moisture and
streamflow, severely dry, persistent conditions increased over the WeSoatvest
portion of the United States.

2.2.3 Regional Climate Change Impacts to Drought in the Western U.S. andd8olora

River Basin

Anthropogenic forcing due to increased greenhouse gas emissions and changes in
land cover characteristics have contributed to hydroclimatic variabilayl &
Trenberth, 2003; Meehl et al., 2004; Metz & Intergovernmental Panel on Climate
Change, Working Group Ill, 2007; Parry & Intergovernmental Panel on Climate Change,
Working Group Il, 2007). As a result, the effects of climate change on hydroclimati
variability have become of particular interest to water resource maregyeinanges to
temperature, precipitation, and streamflow characteristics can haneatdning
environmental and socioeconomic consequences. Studies have begun to indicate changes

on a global and regional scale to the distribution and magnitude of precipitation and
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streamflow characteristics under increasing global air temper@Lg., Hamlet et al.,

2005; Huntington, 2006; Milly et al., 2005; Pagano & Garen, 2005; Stewatrt et al., 2005).
The western United States and the Colorado River Basin are an area of thteresthe
availability and distribution of water resources which are dependent on thelhypata
characteristics of the region, combined with the rapid growth of population and
commerce in the west.

The American southwest and Colorado River Basin has experienced, and is projected
to experience, continued drought and arid climate conditions (e.g., Balling Jr. &
Goodrich, 2007; Seager et al., 2007). Piechota et al. (2004) examined 81 years (1923 —
2004) of streamflow data located in the Upper Colorado River Basin from the United
States Geological Survey (USGS) and Palmer Hydrological Drought |ReHRIY
values from the NCDC. Over this time frame, eleven droughts were observed at the
Colorado River near Cisco, Utah and Green River, near Green River, Utah gages. When
compared with tree-ring reconstructions of streamflow, the drought spanning 1999 —
2004 ranked the seventh worse in the last 500 years.

As previously mentioned, Timilsena et al. (2007) describes the current drouigét in t
Colorado River Basin as the worst on the observed record and among the most severe
over the past 500 years. As a result of this dramatic drought, increased emphasis on the
study of drought and water availability in the Western United States analibadd
River Basin has been the subject of current and recent study (e.g., Andreadis &
Lettenmaier, 2006; Barnett & Pierce, 2008; Christensen et al., 2004; Christensen &
Lettenmaier, 2007; Clark et al., 2001; Easterling et al., 2007; Gleick & Chalecki, 1999;

Meko et al., 2007; Milly et al., 2005; Mote, 2006; Timilsena et al., 2007; Timilsena &
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Piechota, 2008; U.S. Department of the Interior, Bureau of Reclamation, Upper and
Lower Colorado Regions, 2007).

Droughts have been linked with changes in global teleconnection patterns (i.e., sea
surface temperature profiles and correlations to hydroclimatic vanableish have
proved useful in climate and streamflow prediction studies (e.g., Chidw E2%8;

Hamlet & Lettenmaier, 1999; McCabe & Dettinger, 2002; T. C. Piechota et al., 1998;
Thomas, 2007; G. A. Tootle & Piechota, 2004; Wood et al., 2002). Of the climate
teleconnections, the ENSO is perhaps the most well known and most associated with
climate events in the American west. Piechota and Dracup (1996) analyzedsddfyea
Palmer Drought Severity Index (PDSI) values over all 344 NCDC climaisahs in

the continental United States. Four regions were identified as areasantighe
coherence (greater than 0.80) between the PDSI and ENSO anomaliegjetste lar
occurring in the Pacific Northwest. The study indicated a strong relaimbstween
drought and the ENSO, noting that the three largest droughts experienced byftbe Paci
Northwest between 1900 and 1993 occurred the year following an ENSO event. The
study enforced research noting correlation between then ENSO and temper@ture a
precipitation observations (T. C. Piechota et al., 1997) and streamflow data &ahya
Dracup, 1993). Piechota and Dracup (1996) also show a correlation between the
Southern Oscillation Index (SOI) and streamflow in the areas of Washiagd Texas.

Piechota et al. (1997) later investigated spatial and temporal variabiitgsbérn
U.S. streamflow using Principal Component Analysis (PCA). Through PCA,
regionalization of streamflow stations was accomplished and linked to ENSO asmal

it was determined that the character of the ENSO anomaly with regardsgarprand
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circulation pattern impacted regional streamflow observations. Thus, with aglequat
information regarding the nature of the ENSO anomaly, streamflow projebtsesl on
teleconnection information is possible.

As with most forecasting methodologies, increased understanding and information
regarding the correlation and relationship between variables is advangag&dditional
incorporation of other teleconnection indices and hydroclimatic variables has bee
addressed in recent research. Chiew et al. (Chiew et al., 1998) found a stwgtisticall
significant correlation between rainfall and streamflow observationastga®| and
equatorial Pacific sea surface temperatures (SSTs) in Australiseldfions between
teleconnection and hydroclimatic variables and indices was found to be gzatadll
temporally variable; for instance, the lag correlation between avaragthly rainfall
and average monthly SOI between August and November was 0.45, whereas the lag
correlation improved to 0.55 over June and July. ENSO events were associated with dry
conditions throughout Australia, though the impacts of an El Nifio event were more
immediately felt in the western portion of Australia; impacts to the eastmwere
delayed until the middle of the year.

2.2.4 Regional Climate Change Impacts to Hydroclimatology in the Western U.S. and

Colorado River Basin

Piechota et al. (1998) developed a probabilistic streamflow forecast moceigiti
ENSO indicators to forecast streamflow at 10 eastern Australian gstgiinons. Using
this model, streamflow forecasts by Piechota et al. (1998)were rggularé accurate
than traditional forecasts based solely on climate data and indicated a\uelebd&NSO

anomalies and streamflow. Hamlet and Lettenmaier (1999) performed ar sinalysis
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over the Columbia River Basin, forecasting streamflow using different phaE&sS@

and PDO and were able to increase the lead time on forecasts by about 6 months over
traditional forecasts. Statistically significant oscillations ieatnflow data have been

seen worldwide (Chiew et al., 2005).

Recent studies have utilized teleconnection information in conjunction with
hydroclimatic variables to project streamflow. Clark et al. (2001) etlsnow water
equivalent (SWE) data from snow course data provided by the National Resource
Conservation Service (NRCS) and streamflow from the USGS Hydro-Clibate
Network (HCDN) and found correlation between SWE observations and ENSO events.
Results of the study show a seasonal dependence of SWE observations and ENSO
anomalies in both the Columbia and Colorado River Basins. SWE and streamflow mean
values are typically indicative of drier (wetter) conditions in the northermpaut the
Colorado River Basin and typically indicative of wetter (drier) conditiartbe
southwest during El Nifio (La Nifia) conditions. If accurate forecasts oOEdd8ditions
are available by autumn, Clark et al. (2001) notes that an accurate foreS®aE @nd
streamflow conditions in the Colorado River Basin may be attained. HoweverpklcCa
and Dettinger (2002) studied the correlation between April 1 snowpack data and ENSO
and PDO indices. Using PCA, McCabe and Dettinger (2002)noted that the first two
principal components explained 61% of the variability in April 1 snowpack observations;
the first component explained 45% of the variability and was highly correlatedheit
PDO. Correlation coefficients between April 1 snowpack and winter PDO in tifecPa
Northwest were as high as -0.67 and as high as -0.55 in the summer and fall. As such,

PDO attributes are a better tool for projecting snowpack conditions than ENBOt@st

26

www.manaraa.com



Long-range projections of streamflow based on teleconnection data haveuuked s
over the entire United States. Wood et al. (2002) disaggregated monthly climate
projections provided by the National Centers for Environmental Prediction/Elimat
Prediction Center Global Spectral Model into daily data to force the Vi®@logic
model implemented over the eastern United States in an effort to projectfistweam
conditions. Wood et al. (2002) found that while model performance varied spatially and
temporally, results were qualitatively reasonable. Hindcast analgstsited that model
results were highly dependent on input data, and during El Nifio events, VIC output
reflected higher streamflow and soil moisture values over eastern basinsughit
Wood et al. (2002) did not quantify the skill associated with model results, the study did
provide a framework over which projected climate data could be used to force a
hydrologic model to determine impacts over a region.

Tootle and Piechota (2004) were able to develop a streamflow forecasting
methodology over the Suwannee River in the southeastern United States and quantify
model performance using the Linear Error in Probability Space (LEPSunee@. C.
Piechota et al., 2001). Streamflow was modeled using the best (i.e. highest linear
correlation with streamflow) three climate predictors from a dathaetricluded the
Multivariate ENSO Index (MEI), PDO, and twelve sea surface temperddtmsets.
Summer streamflow forecasts LEPS measures ranged between 15.0% and 31.8%,
indicative of good skill. Additional studies have shown PDO and SOI characteristics
(Stewart et al., 2005), and coupled teleconnection effects (G. A. Tootle et al. R005;
Tootle & Piechota, 2006) to have a significant impact on streamflow projectiogentRe

studies (e.g., Hamlet et al., 2007; McCabe et al., 2007; Thomas, 2007) have investigated
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correlations between streamflow and teleconnection data under changipgatieni
and temperature parameters to assess the impacts of climate changarofiostr.

Research efforts have examined teleconnection information in an effort¢adore
snowpack characteristics which may impact streamflow. Hunter et al. (2006)
significant (90% confidence level) correlation between coupled telecoonaugnals
and April 1 SWE measurements from NRCS snowpack telemetry (SNOTE& )rsithe
Western United States. Despite a relatively short period of record, Huate(2§806)
was able to identify predictive SWE information from variability in telecotioec
events. McCabe et al. (2007) identified a correlation between the spatailitsirof
rain-on-snow events and ENSO events that could improve risk assessments astsforec
associated with floods.

2.2.5 Regional Climate Modeling in the Western U.S. and Colorado River Basin

The IPCC Fourth Assessment Report based projections of future global andlregiona
climate on the results of an ensemble of results obtained from GCMs. The WCR
organized the assimilation and analysis of results from 23 GCMs from 17 modeling
groups. Of these 23 GCMs, 16 were subjected to statistical downscaling as lpart of t

CMIPS.
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Table 1 is adapted from Maurer et al. (2007) and presents the 16 GCMs from which

results driven by statistically downscaled climate data are available
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Table 1: GCMs utilized in the IPCC Fourth Assessmet Report.

WCRP CMIP3
Modeling Group, Country Primary Reference
I.D.

Bjerknes Centre for Climate
Research
Canadian Centre for Climate
Modeling and Analysis

Meteo-France / Centre National de (Salas-Melia et al.,
Recherches Meteorologiques, France CNRM-CM3 2005)

CSIRO Atmospheric Research, (H. B. Gordon et al.,
Australia CSIRO-Mk3.0 2002)

US Dept. of Commerce / NOAA /
Geophysical Fluid Dynamics GFDL-CM2.0 (Delworth et al., 2008)
Laboratory, USA

US Dept. of Commerce / NOAA /

Geophysical Fluid Dynamics GFDL-CM2.1 (Delworth et al., 2006)
Laboratory, USA

NASA / Goddard Institute for Space

BCCR-BCM2.0 (Furevik et al., 2003

CGCM3.1(T47) (Flato & Boer, 2001

Studies, USA GISS-ER (Russell et al., 2000
Institute for Numerl_cal Mathematics, INM-CM3.0 (Diansky & Volodin,
Russia 2002)
Institut Pierre Simon Laplace, France IPSL-CM4 (O et al., 2005)

Center for Climate System Research
(The University of Tokyo), Nationa
Institute for Environmental Studies

and Frontier Research Center for
Global Change (JAMSTEC), Japan

MIROC3.2 (K-1 Model
(medres) Developers, 2004)

Meteorological Institute of the

University of Bonn, Meteorologica ECHO-G (Voss & Legutke,

Research Institute of KMA 1999)
Max Planck Institute for ECHAMS / MPI- (Jungclaus et al.,
Meteorology, Germany OM 2006)
Meteorological Research Institute, MRI-CGCM?2 3.2 (Yukimoto et al.,
Japan 2001)
National Center for Atmospheric .
Research. USA CCSM3 (Collins et al., 2006)
National Center for Atmospheric PCM (Washington et al.,
Research, USA 2000)

Hadley Centre for Climate (C. Gordon et al
Prediction and Research / Met | UKMO-HadCM3 ' 2000) K
Office, UK
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2.2.6 Statistical Downscaling and Bias-Correction of Climate Projectioms @ CMs

GCMs examine the interaction between the Earth land surface and atneasgihgr
physically based equations that are complex and computationally intensiveesdta r
of limited computer processing power, GCMs are typically run at spatiakdtat are
large to examine climate impacts at the global scale over long periodseoffor
example, the distributed GCMs utilized in the IPCC Fourth Assessment Repentuve
at a grid scale of approximately 15000 square miles to the year 2099. Hydraldgs s
are typically developed over regional, basin scales, so there exists@naiscbetween
the spatial scale of the output from GCMs and their usability in hydrolagicest
Furthermore, GCMs do not capture details important to regional hydrologiestudih
as local climate circulation or the orographic character of the baginietz &
Intergovernmental Panel on Climate Change, Working Group Ill, 2007; Wigley, 2004).
Downscaling is the process of producing regional scale information from-Ergled
output from GCMs so that information from global GCMs can be applied to regional
hydrologic studies (e.g., Wigley, 2004).

Downscaling is typically accomplished through two methods; dynamical and
statistical. Dynamical downscaling utilizes boundary conditions from |lagde GCMs
and a high-resolution regional climate model to derive climate information egglumal
scale. Regional climate models utilize comparable physical equationsctibeehe
Earth’s processes as in the larger scale GCMs, though over a much spaaiéérasd
temporal range that a GCM. This allows for a regional climate model to captat®f
regional impacts to climate variables; however, like GCMs, regional tdimadels

incur a high computational cost. When projecting future climates, regional&limat
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models may operate outside of the range for which they were designed (Solomon &
Intergovernmental Panel on Climate Change, Working Group I, 2007).

Statistical downscaling utilized observed data at the desired level aftresdb
derive relationships between high resolution output from GCMs and the regional climate
scale of interest. Although computationally inexpensive, statistical dowmgckles
require a sufficiently long record of observational data to develop sabisfatbss scale
relationships; most statistical downscaling methods also assume sosmeersa
stationarity over the climate record. Under changing climate conditionassienption
of stationarity may not be valid (e.g., Koutsoyiannis et al., 2007; Matter et al., 2010;
Milly et al., 2008; Thomas, 2007). However, in addition to being computational
inexpensive, statistical downscaling methods are able to develop higherafcale
resolution of climate data over a longer period of time than most regional climoatss.
When properly applied, the level of uncertainty and the quality of downscaled data
derived using dynamical and statistical methods is comparable (e.g.&Parr
Intergovernmental Panel on Climate Change, Working Group I, 2007; Solomon &
Intergovernmental Panel on Climate Change, Working Group 1, 2007; Wigley, 2004;
Wood et al., 2004). In this research, statistically downscaled data derivedhesings-
corrected and spatial disaggregation (BCSD) method developed by Wood et al. (2004) is
used. The method is documented in numerous peer-reviewed academic studies (Cayan et
al., 2007; Christensen et al., 2004; Hayhoe et al., 2004; Hayhoe et al., 2007; Maurer &
Duffy, 2005; Maurer, 2007; Payne et al., 2004; VanRheenen et al., 2004; Wood et al.,
2004) and produces downscaled temperature and precipitation data that statisticall

matches the historical period.
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The BCSD technique developed by Wood et al. (2004) is unique from other statistical
downscaling methods in that the method is able to simultaneously produce gridded time
series of precipitation and temperature data; most statistical dowgscaihods are
limited to a single variable, with some exceptions (Harpham & Wilby, 2005; eilgs,W
1999). For regional hydroclimatic studies, it is important that the variablateoést
(precipitation and temperature) are developed simultaneously to develoficrephsial
and temporal climate relationships. It is important to note that any biasebever
historical period within the climate data that are a result of the G\ wdl be
projected into the future, but the BCSD method compares very well with othsticahti
downscaling methods (Wood et al., 2004).

2.2.7 Reclamation Streamflow Projections under Changing Climate Conditions

Current Reclamation modeling efforts assume that hydrologic conditionshever
Colorado River Basin have remained static; that is, historical streansfl@priesentative
of future streamflow conditions and adequately capture the mean and variabiitpwf |
to the system (L. D. Brekke et al., 2008). Streamflow projections have been based on
reconstructions of annual flow events from tree-rings over increasinglyrlongescales
and have revealed a more variable streamflow record and an area susceptible to
prolonged drought events (Meko et al., 2007; Woodhouse et al., 2006). Furthermore,
studies have applied stochastic methods to annual streamflow reconstructiotislty spa
and temporally disaggregate flows such that they are suitable for input intofaéon
models (J. R. Prairie & Rajagopalan, 2007). Currently, little research hasgatexsthe
development of streamflow projections under changing climate conditions; plashisps

due to uncertainty regarding future greenhouse gas emissions and theitedsogact
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to climate change in the region, as well as uncertainty involved in the solutionsadphy

within various GCMSs.
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CHAPTER 3
PRELIMINARY RESEARCH: MILLER AND PIECHOTA, 2009
3.1 Introduction to Preliminary Research

GCMs are used for assessment of climate change and climatic variabditthe
Colorado River Basin. The IPCC recently reported mean global air tempetaiting
an average 0.2ZC per decade; historically, increasing trends in mean global air
temperature are associated with decreasing trends in mean annual snowpack in the
Northern Hemisphere (Metz & Intergovernmental Panel on Climate Charaykindy
Group Ill, 2007; Parry & Intergovernmental Panel on Climate Change, Working Group
II, 2007; Solomon & Intergovernmental Panel on Climate Change, Working Group I,
2007). Although not addressed explicitly in this study, snowpack is the considered to be
the dominant hydrologic determinant within the Colorado River Basin, making up 63%
of the annual precipitation in the Upper Colorado River Basin and 39% of the annual
precipitation in the Lower Colorado River Basin (Serreze et al., 1999). Thectlost
between precipitation as rainfall or snowfall events is important, as thesfreg of these
events relative to each other often corresponds to changes seen in temperature and
streamflow trends.

The impact of snowpack to streamflow have been previously studied (Fassnacht,
2006; e.g Groisman et al., 2001) and researchers have used GCMs and the VIC model to
guantify trends related to snowpack and dependent streamflow in the Colorado River
Basin (e.g Hamlet et al., 2005). Trends in precipitation as snowfall and rainfall,
temperature, and streamflow studied at the basin scale are useful for aadgens and

those studying inflow forecasts; however, trends at more local and regiales s
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desired to better manage and allocate water resources, partiquitadyGolorado River
Basin.

In this study, published in the Journal of Hydrometeorology (Miller & Piechota,
2008), statistical analysis over the 29 climate divisions covering the entoeaGol
River Basin is performed in an effort to quantify the likelihood of trends in precgpifa
temperature, and streamflow. An effort to distinguish between linear and si@pitre
monthly data is also made using a variety of parametric and non-pacastatistics. The
main contribution of this preliminary research is the identification of dpatchtemporal
nature of trends observed over each climatic parameter and a comprehengsie Hrzl

looks at interdependency between each variable.

3.2 Data Utilized in Preliminary Research

Data in this study were obtained from several different government agearui
included monthly data spanning from 1951 through 2005. Climate divisions incorporated
in this study are defined by the NCDC based on geographical and political boundaries
(Figure 2). For the purposes of this study, climate divisions use a four digit
identification, where the first two numbers are associated with a partstatar and the
second two numbers identify a particular climate division within the skateinstance,
the climate division identification number 0502 corresponds to the state of Colorado (05)

and the second climate division (02).
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Figure 2: The Colorado River Basin, represented byhe shaded area, is intersected by 29 climate
divisions. In this figure, climate divisions are @fined by thin lines which are both geographic and
political in character; thus, state boundaries arealso climate division boundaries. Climate Divisios
are referenced by their state, a sequential numeré value assigned to states alphabetically (e.qg.
Alabama = 01), and an identifying value. In thisifjure Colorado-2 is identified as 0502.

Monthly average precipitation data used in this study were obtained from th€ NCD
and represents all reporting stations within a climate division recordirgetatare and
precipitation data (National Climate Data Center, 1994). When NCDC developed the
climate division data, equal weights were given to each recording statioaepamted in
inches. Similarly, monthly average temperature data over each climaierdivere
collected from the NCDC. Temperature data were bias-corrected by the MEDC
differences in spatial and temporal characteristics between eaehligiag a method
described by Karl et al. (1986). The NCDC reports that temperature biasatreach
station were small and less than %3 National Climate Data Center, 1994).

Climate division data are available over the 48 contiguous states since 1895, though

the divisional boundaries and data derivation have been subjected to change and revision
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since inception. The latest significant changes occurred in the late 1960’svefagea
precipitation and temperature data over each division is derived by taking an average of
reporting NCDC Cooperative (COOP) Stations within the division. The number and
distribution of COOP Stations has changed over time and may not be representative of
topographical impacts to climate within a division. While this may be condidere
limitation in the dataset, the data corresponds well to large-scale labtdincate
anomalies such as droughts both spatially and temporally (Guttman & Quayle, 1996).
Streamflow data used in this study consist of natural flow data calculated an
distributed by Reclamation using information from USGS stream gagiagdaos,
reservoir operations, and depletion histories of Colorado River water usersr{@.&ra
Callejo, 2005). The Colorado River from the Green River below the Fontenelle
Reservoir in Wyoming to Imperial Dam at the southern international boundavgdret
Arizona and Mexico is divided into distinct reaches bounded by USGS stream gage
locations. Natural flow in the Upper and Lower Colorado River Basins has been derived
using historical data where natural flow is defined as the sum of histoasabBserved
at a particular USGS gage station included in this study and total flow depletioh®ver t
reach above the gaging station. This flow is then adjusted to subtract or add additional
flow subjected to reservoir regulation. As detailed by (2005), natural floviredeas:
Natural Flow = Historic Flow + Total Depletion -Reservoir Regulation (1)
The period of natural flow records provided by Reclamation spans water years
between 1906 and 2005 and was recently used in the development of shortage criteria

governing reservoir operations in the Lower Colorado River Basin during times of |
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storage (U.S. Department of the Interior, Bureau of Reclamation, Upper amd Low
Colorado Regions, 2007).

Prior to 1971, consistent and complete records for many of the 29 USGS flow stations
used in this study did not exist. In summary, the historical monthly record vessiegt
by first using robust statistical methods (e.g., K-Nearest Neighbor tBaqaisg) to
derive cumulative annual streamflow values in the Colorado River Basin. Through
multiple linear regression and statistical analysis of the errot tease annual flows
were temporally disaggregated to the monthly timescale. The extendedfkire
record and historical record have similar statistical properties&l®&las, 2006, In
review; Salas et al., 2005).

A Microsoft Excel application customized through the Visual Basic progragim
language based on the functionality of TREND software originally deedlbp (2005)

was used in the analysis.

3.2 Methodology

Monthly time series for each dataset over each climate division wereteabje
statistical analysis using a variety of methods in an effort to detadstie temperature
and precipitation between 1951 and 2005 and trends in streamflow between 1906 and
2005. Each climate division was evaluated independently for trends in temperature and
precipitation data. Trends in streamflow data were based on locations along tla&olor
River. Kalra et al. (2008), utilized three statistical tests to evaluegar trends and two
statistical tests to evaluate step changes at USGS streamflowajagesover the
conterminous United States and SNOTEL stations in the western United 3tétes.

study, those same statistical tests were used to evaluate lineamimerstep changes in
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monthly time series observed over climate divisions and gage locations in thedGolora
River Basin. These tests are explained thoroughly in Chiew and Siriwa2%.
The Mann-Kendall test is a non-parametric test in which the rank of dats value

within a time series are compared. A test statiStits derived through:

n-1 n

S= ;{legr(R; -R )} 2)

i1 | j=i+
whereR is the rank of valug within a time serieX, n is the number of values within the
time series, and sgr)(= 1 forx > 0, sgnk) = 0 forx =0, and sgn = -1 forx < 0. The
z-statistic,z, from which significance levels can be derived from a normal probability

table is:
7= |S/O_O.5 (3)

where
o =n(n-1)(2n+5)/18 (4)
Spearman’g Test is similar to the Mann-Kendall test in that it is a non-parametric,
rank-based test for trends within a time series. However, unlike the Mann-Kiestlal
the Spearman’s Test describes correlation of the data with time, as opposed to other

values within the time series. The z-statigtic)js described by:

Ps = Sxy /(Sx Sy )0.5 (5)
where
s, -3 (x - X ©
s, =2y -Yf (7)
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n

Sy = Z(Xi _nyi _?) (8)

i=1
Like the Mann-Kendall tesps can be compared to a normal probability table to
derive levels of significance.
A parametric, linear regression statistical test is also used irtubig sA test
statistic,S is derived through:
S=blo 9)

whereb is defined as:

=T (10)

and o is defined as:

n

12} (y, ~a~bx )’ (11)
77 :ln—z)(nz—l)
wherea is estimated to be:
a=Y-bX 12)

The Sstatistic can then be compared to critical tablewvaiues, using-2 degrees of
freedom to derive significance levels for each dataset.

Two statistical tests were used to assess step changes within tiseriesedata at
each climate division. In step change analysis, a time series is pifteand one section
of data values are compared to another. In this study, 55 years of data wereebnside
for temperature and precipitation data, while 100 years of data were coddatere

naturalized streamflow data. Regonda et al. (2005) present evidenceciatisiv
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changes are influenced by stronger trends in observational data recoedd® a4t

Other studies support a step change in streamflow and snowpack observations reported
after 1970 (McCabe & Wolock, 2002; Mote et al., 2005; Mote, 2006). Thus, for the
purposes of step change analysis, time series data were divided intat % yesrs of

data (1951-1974) and the latter 31 years of data (1975-2005) for temperature and
precipitation data sets. Similarly, streamflow time series were divide the first 69

years of data (1906 — 1974) and the latter 31 years of data (1975-2005). While this
distinction is important for step change statistical analysis, it is naadiln trend

analysis.

The Rank-Sum Test is a non-parametric test comparing the mediansdifferent
data sets; in this study, the median of earlier dataset to the median oétluataset.
Values over the entire time series are converted to ranks relative toitheiard series.
S is the sum of the ranks in the smaller dataset, in this case, the first 2dfyears
observations for the temperature and precipitation data sets. A theoretcajipand
standard deviation, are defined as such:

u=n(N+1)/2 (13)

o = [nm(N +1)/12]°° (14)
wheren is the number of values in the small datasag the number of values in the

large dataset, and is the total number of values in the time series. The z-statigtics Z

computed as:

Z.=(S-05-p)ifS>p (15)

Z_-0ifS=p (16)

Z. =(S+05-pu)ifS<p (17)
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Z.s can then be compared to a normal probability table to derive a level of
significance.
The Student’s Test is a parametric statistical test comparing the means of two

datasets. A test statisticjs defined as:

1 1 (18)

where x is the mean of the first dataset apds the mean of the second dataseandm

are the number of observations in the first and second dataset, respectivelye Sist
standard deviation of all collected observations.

In this study, trends and step changes in time series were investigate8@®the
95%, and 99% confidence levels. Specifically, test statistics derived from theugig
described statistical methods were compared to critical values eegh@sstandard
probability tables. In an effort to prevent bias introduced by any singlstist@tiest, a
time series must show an increasing or decreasing trend at leasd@¥dloenfidence
level for all 3 linear trend tests to be recognized as exhibiting lineagehan
Analogously, a time series must indicate an increasing or decreasinpatee @t least
at the 90% confidence level for both step change analytical tests to be red@gnize
displaying a step change.

It is important to note that the overall confidence level reported in this studyed ba
on the all tests. The confidence levels between tests do not have to agreeheather, t
lowest confidence level value is reported for each month over each climaierdiviror

instance, in trend analysis, statistical analysis using the Mann-Kandalinear

43

www.manaraa.com



Regression statistical tests may indicate an increasing trend withd@8ltence level.
However, analysis performed using the Spearmaststistical test may indicate an
increasing trend with only a 90% confidence level for the same month over the same
climate division or gage location. In this case, the parameter in question would be
reported as exhibiting an increasing trend with 90% confidence level overcalpar

climate division.

3.4 Results and Discussion
Trend or step change results are assessed based on the confidencecldagddal
through use of the previously described statistical tests. While the magiitihge
change observed in the historical record is not explicitly calculated in i, she
confidence level is a quantitative measure of the confidence that therdyisteahd in
a particular variable. The test statistic typically increases, alathghe confidence level,
with greater changes in magnitude seen in trend or step change analysis.

3.4.1 Temperature Results

Increase in temperature observations have consistently been shown to benopcreas
worldwide, and forecasts indicate this trend to continue (e.g., Christensen et al., 2004;
Hamlet et al., 2005; Solomon & Intergovernmental Panel on Climate Change, Working
Group |, 2007). Figure 3 illustrates monthly trends observed in climate divisions
encompassing the Colorado River Basin. Increasing temperature trends veevecbbs
consistently throughout the year, often times at greater than a 95% coefieesic
Notably, increasing temperature trends were observed throughout the yeaHoelver

Dam and in Southern Arizona and California, areas dependent on Colorado River water
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to meet irrigation demands (Sax, 2000; U.S. Department of the Interior, Bureau of
Reclamation, Upper and Lower Colorado Regions, 2007; D. Wang & Cai, 2007).

The Colorado River system is highly dependent on streamflow that is a result of
snowmelt in the Upper Colorado Region, especially in the months of April through July
(e.g., Fassnacht, 2006; Hamlet et al., 2005). Temperature trends in the Upper Colorado
Basin were consistently increasing over the April through July timeefrowever, it is
notable that temperature trends in the months prior, January through March,seere al
increasing. Increasing temperatures may affect the timing of selbwnthe region and,
in turn, affect the timing of streamflow in the region (Regonda et al., 2005).

Step changes in temperature over the same region generally agreed wéh prof
observed with linear trend analysis (Figure 4). However, more instancesedislag
change in temperature characteristics were seen in the step chafilgs, grarticularly in
May, July, and October. All instances were at the 90% confidence level, &nithavit
exception of July, tend to occur on the outer boundaries of the Colorado River Basin.
Increasing temperature trends in March and April may correspond to padier

streamflow rates observed in Regonda et al. (2005).
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Figure 3: Trends in temperature data over each climate digion intersecting the Colorado River
Basin.
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Figure 4. Step Change in temperature data over each climatewsion intersecting the Colorado

River Basin.
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3.4.2 Precipitation Results

Precipitation, and the state in which it occurs, is important in the Colorado River
Basin. Precipitation in the form of snow is a benefit, particularly in the Upplerado
River Basin, as snowfall replenishes mountain storage and is the source oetnowm
the critical spring runoff season. Winter rainfall events in the Colorado Ras:n B
cause concern since they do not replenish mountainous snowpack storage and can come
at the expense of snowfall events (Groisman et al., 2001). Increased raeitdl e
naturally increase streamflow through surface runoff; when rainfatite¥egin to occur
in place of historically observed snowfall events, streamflow rates iecagastend to
peak earlier in the year. Huntington (2006) cites this global phenomenon as evidence o
water cycle intensification which impedes the ability of water managexssess water
resource availability.

Figure 5 and Figure 6 depict the spatial profile of trend and step changes in
precipitation in the Colorado River Basin, respectively. There were soneasas in
precipitation in the late fall and winter months or the beginning of the wader ye
Interestingly, the month of December indicates decreasing trends in the esirthw
mountainous portion of the Upper Colorado River Basin. Precipitation generally

remained relatively unchanged during the April through July peak runoff season.
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Figure 5: Trends in precipitation data over each climate divsion intersecting the Colorado Rivel

Basin.
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Figure 6: Step Changesn precipitation data over each climate division itiersecting the Coloradc
River Basin.
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3.4.3 Streamflow Results

Resource managers depend on accurate inflow forecasts to plan delivery s¢hedule
hydropower generation, agricultural requirements, and the continued sustaimdbility
environmental projects and programs. Lins and Slack (1999) note that streamflow has
increased across the majority of the United States, which correlatesg@asingrtrends in
precipitation and temperature observations noted by Huntington (2006) and Groisman et
al. (2001).

Figure 7 and Figure 8 illustrate trend and step changes in streamflow obgerved a
USGS gages with naturalized flow data. Increasing trends and stegshvesrg
observed consistently in the Upper Colorado River Basin in the early part of the year,
particularly in January through March. This corresponds well with trends and step
changes observed in precipitation and temperature data observed in the same region over
the same time frame. These results agree with previous studies publidhesl dyd
Slack (1999), McCabe and Wolock (2002), and Regonda et al. (2005). Interestingly, a
corresponding decreasing trend in streamflow in later months is not prevalast in t
study. However, this may be due to a high degree of streamflow variability in the
Colorado River Basin, particularly during the peak runoff season (e.g., Pagane& Gar
2005). Increased variability of streamflow in the spring and summer months pegem
the detection of trends or step changes within data by relatively simpéticahtests.
Streamflow in fall and winter months is much less variable; thus, changes in

observational data can be detected easier.
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Figure 7: Trends in naturalized streamflow data at each USGS gage location withithe Colorado

River Basin.
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Figure 8: Step Changesn naturalized streamflow data at each USGS gagedation within the

Colorado River Basin.
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3.5 Interdependency of Variables

The hydrologic cycle is known to be an interconnected and dependent system, whose
complexity is only bounded by the scale at which the system is studied. lnuthis st
three variables were studied within a complex river basin that is subject togvang
changing hydroclimatic conditions. It is acknowledged that this study doeddresa
such variables as snowpack, groundwater, or evapotranspiration. However, the
interdependency between temperature, precipitation, and streamflow apdears t
particularly strong. Figure 9 summarizes the frequency of increasthgecreasing
trends for each variable over the course of the year. Increasing tremésaimfistw
correspond to increasing trends in temperature and precipitation, particluanyg the
end and beginning of the water year (October through January). The resuéiteititht
increasing trends in temperature in the Colorado River Basin coincided witasesna
precipitation, particularly during the early part of the year. In additioma@rase in
precipitation coincides with increased streamflow.

The prospect of prolonged and extreme drought and potential adverse impacts due to
climate change are of primary importance to water resource managieesSouthwest
and Reclamation (U.S. Department of the Interior, Bureau of Reclamation, &haper
Lower Colorado Regions, 2007) who depend on resources provided by the Colorado
River and associated reservoirs. Increasing temperature trends, sucle ahdwasin
this study, have been associated with increasing trends in drought duration and drought
severity in the Southwest and parts of the interior West (Andreadis &bwedter, 2006).
Easterling et al. (2007) suggests that increased precipitation since 1980 in igngocent

United States has “masked” drought events predominantly driven by increasing
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temperature trends. While increasing temperature trends are appanenstody,
precipitation trends are not. Consequently, droughts have not been “masked” in the
Colorado River Basin, as the basin is currently enduring the aforementioned longest
drought on the observed record (Timilsena et al., 2007).

Recent research, such as Huntington (2006), propose that climate changeiwall lea
an “intensification” of hydrologic processes, such as higher peak stre@anafies, in
response to more frequent and intense rainfall events. While streamflowitréimds
study support Huntington (2006), precipitation trends do not. Since precipitation trends
are not readily apparent in this study, it is possible that the state (i.e., rain drsiow
interaction of precipitation (e.g., evaporation and seepage losses) are chdarugiag
more attention and research must be focused on the character of precipitatiofeayents
Trenberth et al., 2003).

Although snowpack is not considered in this study, it is possible that decreasing
trends in streamflow that are prevalent during the traditional peak runodins@gwil
through July) are due to a lack of snowmelt contributing to spring runoff. Because ther
are increasing trends in precipitation during the winter months, it is possible tha
increasing temperature trends have contributed to an environment that is not conducive to

maintaining snowpack reserves.
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Figure 9: Plots showing the number of stations (29 climatdivisions or 29 naturalized flow gage¢
locations) having increasing or decreasing trendsrstep changes in the Colorado River Basin
Observations from trend analysis are on the left; bservations from sep change analysis are on th
right. In each plot, bars along the lower horizonal axis correspond to the number of stations witl
increasing trend measured on the left vertical axis Likewise, bars along the upper horizontal axi:
correspond to the numberof stations with decreasing trend measured on théght vertical axis.
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3.6 Conclusion of Preliminary Study

The nature of trends and changes in key hydrologic parameters is coititaid-
term water management in the Colorado River Basin. In this study, tempgrature
precipitation, and streamflow data were investigated in an effort to idemtifgtrand
step changes apparent between 1951 and 2005. Each parameter was studied over climate
divisions or USGS gage locations encompassing the entire Colorado River Basin.

Increasing temperature trends were evident across much of the Colorado Riwer Ba
While increasing temperature trends are evident over the entire yeper&ure trends
were most significant in the first quarter of the year, January through Mbrcteasing
temperature trends correspond well spatially with trends observed in thetpteeipi
record, as increasing precipitation trends were most prevalent in January tifanad.
These findings agree with previous studies which indicate a correlationdoetwe
increasing temperatures and increasing precipitation consistent ol gtarming and
climate change research (Hamlet et al., 2005; Hamlet & Lettenr2@i@r; Hamlet et al.,
2007; Huntington, 2006; Metz & Intergovernmental Panel on Climate Change, Working
Group Ill, 2007; Parry & Intergovernmental Panel on Climate Change, Working Group
I, 2007).

Increasing streamflow trends in January through March and decreasiugfsbiv
trends during peak runoff months (April through July) were seen in this study. This
correlates well with findings in Regonda et al. (2005) which indicate peakrdtosv
rates occurring earlier in the year. Streamflow trends, when taken wiéhaohtext of
these results and previous study, agree with precipitation and temperature bssrdsd

in this study. These results are reasonable when considering the dynatoicsigia
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between the parameters and the possible changing character of precipittie

Colorado River Basin. It is interesting to note that decreasing streaméiogistare

apparent at the 99% confidence interval throughout the Colorado River Basin during the
traditional peak flow months, despite the high variability of streamflow thtehave
historically occurred in the Colorado River Basin (e.g., Pagano & Garen, 2005;
Woodhouse & Lukas, 2006). Should the current severe drought continue, perhaps
streamflow trends would become more prevalent in the winter months, wheneflstvea
rates have been traditionally less variable. Further research needs to begdodiag

the changing character and state of precipitation to better assess tbs itmpa

streamflow in the Colorado River Basin.
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CHAPTER 4
REGIONAL ANALYSIS OF TRENDS IN WESTERN U.S. SNOWPACK AND
CORRESPONDING IMPACTS TO STREAMFLOW IN THE COLORADO
RIVER BASIN (SUBMITTED TO JOURNAL OF
HYDROMETEOROLOGY)
4.1 Introduction

Trends in both the magnitude and timing of streamflow are of principal interest to
water resource managers (Lins & Slack, 1999; McCabe & Wolock, 2002). The
magnitude of runoff is important to assess water availability and resstomage; timing
of runoff is important to assess flood control regulations, hydropower generation, and
irrigation demands. Due to increasing temperatures, research has shown@ataedsl t
earlier spring runoff in both observed data (e.g., Cayan et al., 2001; Kalra2€08!;
Mauget, 2003; Miller & Piechota, 2008; Regonda et al., 2005) and modeled data (Hamlet
et al., 2005; Hamlet et al., 2007; Maurer & Duffy, 2005; Stewart et al., 2005). Miller and
Piechota (2008) have previously shown a shift in the timing of naturalized flow over the
Colorado River Basin. Flow trends have decreased during the traditional peak runoff
season (April through July) and increased in fall and winter months. As previously
described in Chapter 2, Miller and Piechota (2008) hypothesized that increasing
streamflow trends in the fall and winter were due to more frequent wintezvents and
less frequent snow events; less snow events may contribute to decreased mountain
snowpack and a resultant decrease in spring snowmelt runoff.

Trends in precipitation and snowpack characteristics have also been the subject of

research and interest to water resource managers, particularly witthsrem#re
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snowmelt driven hydrology of the Upper Colorado River Basin. Decreasing trends in
SWE have been noted in the Western U.S. and Colorado River Basin (e.g., Feng & Hu,
2007; Kalra et al., 2008). More interestingly, decreasing trends in SWE havateatrel
with the changing character of precipitation; that is, changes in the frggaeec
magnitude of rainfall and snowfall events (Trenberth et al., 2003). Knowles et al. (2006)
noted a reduction in the ratio between the winter SWE and total winter pregipitati
between water year 1949 and 2004 that correlated with changing temperaiusetrer
the Western U.S. Knowles et al. (2006) further found the largest changesdn wint
precipitation typically occurred in March and agrees with other studies timgdj@ashift
in changing character of precipitation (e.g., Mote, 2003; Mote et al., 2005; Mote, 2006;
Serreze et al., 1999).

It is clear that streamflow and snowpack are vitally important to wateunes
availability in the Western U.S., particularly in snowmelt driven basins such as the
Colorado River Basin. Research has indicated that climate change mayangyific
impact snowpack and streamflow in snowmelt dominated basins (Cooley, 1990; Maurer,
2007; Metz & Intergovernmental Panel on Climate Change, Working Group I, 2007,
Salathé Jr., 2005) and are indicative of drought and arid conditions in the American
Southwest (Seager et al., 2007; Timilsena & Piechota, 2008). While curremthdsas
focused on the identification of trends in either observed streamflow or snowpack, there
has been significantly less investigation of the impact of observed trendsehat
coincident in both SWE and streamflow, particularly over the Colorado River Basin.
Presumably, this is due to the relatively short period of record of snowpack olmservati

in the mountainous Western U.S., which is why most studies have focused on long term

60

www.manaraa.com



model projections of snowpack and streamflow. In this research, trends in the dbserve
snowpack in the Western U.S. are investigated. Furthermore, these trendspeedom

to observed streamflow trends over Colorado River headwater basins (Figureri0) in a
attempt to quantify the impact of changing precipitation characterististreamflow in

the basin and to improve understanding of the linkage between snowpack and streamflow

over the basin.
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Figure 10: Subbasins of the Colorado River Basin
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4.2 Data and Methods

4.2.1 Precipitation and Snow Water Equivalent

Data used in analysis for this research came from various governmecieagerd
included both daily and monthly gage data, typically incorporating gagerdata f
inception through water year 2008. Daily snowpack and precipitation observations are
obtained from the NRCS SNOTEL network. NRCS SNOTEL stations subjected to
analysis in this study span the western U.S. and Alaska (Figure 11a). Monthlg&8&VE
are derived from daily observations by using the first day of the month; April LiISWE
commonly used in streamflow forecasting and typically regarded as the ghetakof
snowpack (e.g., Mote et al., 2005). For inclusion in this study, SNOTEL stations are
required to have a period of record of at least 20 years, and at least 50%tea@vgie
any given year period. These data requirements are slightly mogestrihan those
described in Huntington et al. (2004) and Knowles et al. (2006).

Currently, the NRCS operates 761 SNOTEL stations in 13 states, the fargtest ea
being located in South Dakota and the farthest west located in Alaska. Of the 761 total
SNOTEL stations, 398 stations met the aforementioned completeness @iteia t
included in this study. Of the stations included in this study, the furthest easdtisd in
Southern Utah, and the furthest west is located in Central Alaska. Of interests st
have noted a relationship between elevation and snowpack. Mote (2003) found that
below 5900 feet, declining SWE observations coincide with increasing temperature
trends. Of the stations included in this study, the lowest is located at 375 feetkia, Alas
and the highest is located at 11600 feet in Colorado. In the continental U.S., the lowest

station is located at 2600 feet in Oregon.
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Figure 11 The spatial distribution of a) SNOTEL gages ovethe Western U.S. and b) USGS HCDI
and Reclamation Natural Flow stations over the Col@do River Basin included in this study. Itis
important to note that analysis ove SNOTEL gages in Alaska iconsidered, though they are no
pictured.
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4.2.3 Streamflow Data

Daily streamflow data provided by the USGS are used in this study, provided the
gage is part of the Hydro-Climatic Data Network (HCDN) and locatelimihe
Colorado River Basin (Figure 11b). These USGS HCDN gages are selecteg,ae the
predominantly free of anthropogenic influence and have a length of record useatbrg
than 30 years as described in Slack and Landwehr (1992). For the purposes of this study,
monthly streamflow data is obtained from the natural streamflow recortbgedeand
distributed by the Reclamation. Natural flow data is calculated using bédtori
information from USGS stream gaging locations, reservoir operations, plediole
histories of Colorado River water users (J. Prairie & Callejo, 2005). The period of
natural flow records provided by Reclamation spans October 1905 to December 2006
(i.e., water year 1906 through the end of calendar year 2006) and was used in the
development of the Colorado River Interim Guidelines (U.S. Department of thernte
Bureau of Reclamation, Upper and Lower Colorado Regions, 2007).

Prior to 1971, consistent and complete records for many of the 29 USGS streamflow
stations used in development of Reclamation’s natural flow record did not exist. In
summary, Reclamation creates the historical monthly natural flow recarsirtoy robust
statistical methods (e.g., K-Nearest Neighbor Bootstrapping) to derivelative annual
streamflow values in the Colorado River Basin. Through multiple linear remressd
statistical analysis of the error term, these annual flows are tellggbsaggregated to
the monthly timescale. The extended streamflow record and historical record have

similar statistical properties (Lee & Salas, 2006, In review; Slak, 2005).
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4.3 Methodology

Trends in hydroclimatic observations from SNOTEL and USGS stations, aaswell
naturalized flow derived by Reclamation, are investigated using Kertdall(g
nonparametric test for monotonic trend with a correction for ties. Kendalisell-
suited for applications to water resources, as it is a rank-based procedigedbigtant
to outliers in time series (Helsel & Hirsch, 1992). Kendaltsst has successfully been
used in previous research investigating the trends in precipitation and sbkgamfl
observations (e.g., Huntington, 2006; Knowles et al., 2006; Rood et al., 2005). The
significance of monotonic trends detected in SWE observations are calculated through
comparison of the Kendalkstest statistic to a standard two-sided Studémdkle. For
completeness and to ensure the accuracy and applicability of Kemndialtlse collected
observations, Spearman’s Rpdtest for monotonic trend is also applied to
hydroclimatic time series investigated in this study. Like KendalBpearman'sis a
rank-based statistical test; however, Spearnpawaights the magnitude of differences in
time series ordinates more heavily. Kendalksxd Spearmanismeasure the same
correlation at different scales of magnitude (Helsel & Hirsch, 1992).

The interaction between changing snowpack characteristics and streasnflo
investigated over basins within the Colorado River Basin. That is, the interdepgnden
of snowpack and streamflow is examined such that observations from SNOTEL stations
are compared only to naturalized or observational streamflow within the sagrag@o

subbasin within the Colorado River Basin.
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4.4 SNOTEL Observations

4.4.1 Daily SNOTEL Trends

Trends in daily SWE and cumulative water year precipitation are investigaing
Kendall'st over standardized observations. Miller and Piechota (2008) previously noted
the lack of significant precipitation trends over the Colorado River Basin usinatel
division data. While the vast majority of stations (342 stations or 86%) exhibit a
decreasing linear trend over a broad elevation range (Figure 12), théaekoé
statistical significance perhaps due to the relatively small tiniessavailable at each
station and the presence of drought over a large portion of the station’s recois];ttiea
lack of a significantly long gage record to adequately capture long tationsaverages
and the natural variability of the hydrology in the Western U.S. impedes thg t@bi
find statistical significance through the use of a monotonic trend test. Civaulat
precipitation trends over the Western U.S. are similar to those observed over the
Colorado River Basin (Table 2). The average change in cumulative water ye
precipitation over the basin is approximately -0.14 inches per year.

Figure 13 shows the results of Kendati'est over daily observational SWE time
series derived from each of the SNOTEL stations included in this study over the
continental U.S. Of the 398 stations for which the Kendallést is applied,
approximately 72% (287 stations) indicate a decreasing trend at the 90% confidence
interval; 69% (275 stations) indicate a decreasing trend at the 99% confidismeali
In contrast, only 17% of those stations indicated an increasing trend at |eas®@¥d

confidence interval.
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Figure 12: For each of the 398 SNOTEL stations itheded in this study, the linear trend in
cumulative water year precipitation over the statia’s period of record is plotted against the
elevation at the station location. Dark circles a indicative of a gage located within the Colorado
River Basin; open circles indicate a station outsiel of the Colorado River Basin.

Increasing trends are concentrated mostly over the Cascade Mountain Réege in t
Pacific Northwest and the Southern Rocky Mountain Region in the Yampa and Colorado
Headwater River Basins. Decreasing snowpack is prevalent over theNgieada
Mountain Range, which suggests additional strain on California’s water resourc
Although the Sierra Nevada Mountains are located outside of the Colorado River Basin,
changes to California’s water supply system from any source will in@orado River
usage in the southern portion of the state. For instance, as the availability of water
resources for the state decreases, it is less likely that Califothtzawe the flexibility to
participate in Reclamation sponsored conservation programs which allow fertetate

store water resources in Lake Mead, to the benefit of the Colorado River System

67

www.manaraa.com



Table 2: SNOTEL station results for the entire Westrn U.S. and Colorado River Basin.

SNOTEL Station Characteristics
Western U.S. Colorado River Basin
398 Stations 79 Stations
Decreasing Water Year
Precipitation 342 (86%) 69 (87%)
Increasing Water Year
Precipitation 56 (14%) 10 (13%)
Decreasing Peak SWE|/
Earlier Peak 227 (57%) 46 (58%)
Decreasing Peak SWE|/
Later Peak 69 (17%) 18 (23%)
Increasing Peak SWE
Earlier Peak 57 (14%) 10 (13%)
Increasing Peak SWE
Later Peak 45 (11%) 4 (5%)
Earlier Snow / Earlier
Melt 179 (45%) 41 (52%)
Later Snow / Earlier
Melt 119 (30%) 30 (38%)
Earlier Snow / Later
Melt 68 (17%) 5 (6%)
Later Snow / Later Melt 32 (8%) 3 (4%)
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Figure 13: Trend results and confidence intervalérom Kendall's t statistical test run over the
period of record at each site. The map shows the atpal distribution of daily SWE trends over the
Western U.S. where the vast majority of stations aréocated.

Whereas Mote (2003) observed less change in SWE at higher elevatioter (tyeaa
approximately 5900 feet) in the Pacific Northwest, the results of this studpi@dio
less potential impacts to SWE at high elevations over the Western U.S. Théuchagni
of decreasing trends throughout the SNOTEL record are relatively sroaiver, it is
important to interpret these observations as point measurements that aentapvesof
broad spatial areas where a small change in a point SWE observation maynteprese

large accumulated change in actual volume of potential snowmelt runoff from aezaast ar
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4.4.2 Trends in the Timing Characteristics of Snow Season

In this study, it is assumed that a reported SWE measurement greater than 0.0 inches
indicates the presence of snowpack at a particular station; as such, thditegton of
snowpack during the water year is interpreted from reported SNOTEL measuse
Similarly, the first day after April 1 when a reported SWE measureménh@afnches is
observed signals the “melt day,” or the end of the snow season during the course of a
water year. Additionally, for each water year, the peak SWE and days since the
beginning of the water year (October 1) to reach peak SWE are investigalieddr
trends. Table 2 summarizes the results of this analysis. Most stations tead/to s
declining peak SWE observations in conjunction with occurrence at an earlian tiae i
water year. Table 2 also summarizes the amount of stations that exhiitcrdater
initial starts to the snow season and those stations that exhibit earlier and#tdays.

For the purposes of this study, the length of the snow season at a particularlSNOTE
gage is defined as the duration of time in days since the first observation off@&¥whea
beginning of the water year to the first observation of 0.0 inches of SWE afiefl Apr
Of the SNOTEL gages included in this study, approximately 60% (238 stations) of the
gages exhibited a decreasing linear trend in the length of the snow seasonl{#jigudé
those gages located within the Colorado River Basin, 66% (52 stations) exhibited a
decreasing linear trend in the length of the snow season. The Cascade statiorahoC
lost approximately 1.4 days of its snow season over the course of its gage record,;
conversely, the Hams Fork station in southern Wyoming gained approximately 1.3 days
to its snow season over the course of its gage record. The median loss to the length of the

snow season over each gage in the Colorado River Basin is approximately 0.2 days.
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Figure 14: The length of the snow season at eacNNSTEL station. Red circles indicate a decrease in
the length of the snow season over the life of tls¢ation. Blue circles indicate longer snow seasons
over the length of record for the station.

Table 2 summarizes the potential shift in timing of the snow season throughout the
Western U.S. and Colorado River Basin. Those stations showing earlier starts to the
snow season and later ends to the snow season also tend to trend towards higher peak
annual SWE; conversely, those showing later starts to the snow season andretglier
the snow season also tend to trend towards lower peak annual SWE regardless of
elevation. Most SNOTEL stations in this study (235 or 60%) and those in the Colorado
River Basin (49 or 62%) reporting an earlier end to the snowpack season also show a
trend towards earlier peak annual SWE as well (Table 2). As stated phgvioaost

stations report an earlier end to the snowpack season; of the 238 stations reporting an
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earlier melting of the snowpack, 119 (50%) stations also report a latepdstaat t
snowpack season.

4.4.3 Trends in Snowfall and Rainfall Frequency

Most stations record daily SWE and daily precipitation, regardless of whkéter
precipitation occurs as snow or rain. The assumption was made that a recording of
precipitation coupled with an increase to or stationary SWE observation would iradicate
snow event, whereas a recording of precipitation coupled with a decrease tadhés stat
SWE observation indicate a rain or rain-on-snow event. Miller and Piechota (2008)
hypothesized that an increase in rain events was prevalent over the ColoradcaRiner B
region due to increasing temperature trends in the basin; in turn, a correspondiagedecre
in snowfall frequency would also be apparent. However, the results of the stmdnt
do not support that hypothesis.

Seasonal trends in rainfall and snowfall events were not apparent in the current study
At the annual time scale, moderate increases in rainfall frequency wergathsas
approximately 74% of SNOTEL stations showed an increasing trend (67% of SNOTEL
stations located in the Colorado River Basin). The average increase in reaofiadirfcy
was approximately 0.1 days per water year. No consistent trends in snoegfafiricy
were observed throughout the dataset, although some decreasing trends wtse iete
eastern Utah just inside the Lower Green Headwater Basin on the WasatcR&nge.

The Daniels-Strawberry station at the mouth of the Strawberry River showerkasie
of approximately 1.6 days per water year and contributes to flow in the Green River, a

major tributary to the Colorado River.
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While the results of the current study do not support the hypothesis proposed by
Miller and Piechota (2008), the results do support those proposed by Huntington
(Huntington, 2006) and others regarding hydrologic intensification. The resufis of t
current study do support that the volume of inflow as precipitation over the Western U.S

and Colorado River Basin has decreased over approximately the last 25 years.

4.5 Streamflow Observations

The USGS currently operates 43 stations within the Colorado River Basin that are
within the HCDN as described by Slack et al. (United States Geological Siraky
1992). Itis important to note that while Slack et al. (United States Ged|&giozaey et
al., 1992) identified periods of the streamflow record as minimally affdxted
anthropogenic factors, this study uses the entire period of record at eacle ctatiess.
Applying the Kendall'st statistical test to daily USGS HCDN time series data revealed
interesting trends throughout the Upper Colorado River Basin (Figure 15). Gdles
northern area of the basin located within the Upper Green, Lower Green, and Yampa
subbasins yielded frequent decreasing trends at the 99% confidence intervakeHawv
small cluster of gages in the Gunnison and northern portion of the San Juan subbasins

yielded frequent increasing trends at the 99% confidence interval.
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Figure 15: Trend results and confidence interval§rom Kendall's t statistical test run over the
period of daily record at each USGS HCDN gage.

Naturalized flow stations distributed by Reclamation (J. Prairie &&f2alP005) are
utilized in this study when investigating time series at a monthly or tdimge step due
to the long, complete nature of the dataset and removal of anthropogenic influence. For
comparison, seasonal (monthly) trends in both the Natural Flow and USGS HCDN
network were investigated using the Kendall’s tau statistical test. $hksreompare
very similarly to those presented in Miller and Piechota (2008), which did not utilize the
Kendall’s tau test for monotonic trends. Most Natural Flow stations show degreas
trends through the traditional peak runoff period (April — July) and increasimdstover

the winter months (Figure 16). Similar results were noted throughout the USGS HCD

record as well.
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Figure 16: Quarterly trend results and confi stical test run over
the period of monthly records at each Reclamation Atural Flow station.

4.5.1 Daily Streamflow Trends

Daily time series are investigated over the opematicecord of the gage for line
trends in annual water year flow volume. Of thestiions investigated, 29 (67¢
exhibit a decreasing trend in water year flow vodunwWhile themagnitude of decreasg
volume rangebetween approximately 4 a-feet and 20,300 acffeet, the averag
decrease in flow relative to each station is apipnakely 0.3% per year. Mol
interestingly were trends in the April through Jublume observed at each station. C
the Colorado River Basin, 34 stations (79%) exhibdecreasing linear trends in Ag
through July runoff. Again, the average decreas®pril through July runoff relative t
each station is relatively small and is approxinyade5% per yearTable3 shows that
most stations (67%) in the Colorado River B exhibitdecreasing April through Ju

runoff in conjunction with decreasing water yeanofi. Of the 14 stations wit
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increasing trends in water year runoff volume, 9 stations also exhibitsnuye®pril

through July runoff; over the Colorado River Basin, the majority of annual runoff has
traditionally been observed during these months. There is no station within the Colorado
River Basin that exhibits increasing April through July runoff and decreasitey year

runoff.

4.5.2 Trends in the Timing of Daily Runoff

The timing of inflow in the Colorado River Basin is not only important to water
resource managers, but also to those who benefit from timely inflows impacting
hydroelectric and environmental endeavors. For the purposes of this study, threimaxi
daily flow observed over the course of a water year is referred to as tiefips.”

Also considered is the number of days since the beginning of the water yeahtbakac
of that water year’s annual flow volume. Most stations over the Colorado River Bas
tend to show trends towards earlier peak flows and also tend to show trends towards
reaching 50% of the annual water year flow earlier. For both parameteasetiage
amount of days to reach each date decreased by approximately a tenth ofyeay.per
Table 3 summarizes the number of stations experiencing changes to the tipmads of
flows and changes to the timing of reaching 50% of the annual water yearTtoéal
majority of stations (74%) yield earlier peak flows and reach 50% of the atmwual f
earlier, which supports various other studies which have noted a trend towards earlier
runoff in the Colorado River Basin (e.g., McCabe & Clark, 2005; Miller & Piechota,

2008; Regonda et al., 2005; Stewart et al., 2005).
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Table 3: USGS HCDN and Reclamation Natural Flow stidon results. Non-applicable (N/A)
designations indicate an analysis not included irhts current study. USGS HCDN data is used in
correlation analysis with SNOTEL events at a dailitimescale; Reclamation data is used in
correlation analysis with SNOTEL data that has beeraggregated to a monthly or greater time step.

Streamflow Station Characteristics
Reclamation
USGS HCDN Natural Flow
43 Stations 29 Stations
Decreasing Water N/A 28 (97%)
Year Volume
Increasing Water N/A 1 (3%)
Year Volume
Decreasing April - N/A 26 (90%)
July Volume
Increasing April - N/A 3 (10%)
July Volume
Increasing Water
Year / Increasing N/A 1 (3%)
April - July
Volume
Increasing Water
Year / Decreasing N/A 0 (0%)
April - July
Volume
Decreasing Water
Year / Increasing N/A 2 (7%)
April - July
Volume
Decreasing Water
Year / Decreasing N/A 26 (90%)
April - July
Volume
Earlier Peak Flow
Earlier Date to 32 (74%) N/A
50% Annual Flow
Earlier Peak Flow
Later Date to 50% 1(2%) N/A
Annual Flow
Later Peak Flow /
Earlier Date to 3 (7%) N/A
50% Annual Flow
Later Peak Flow /
Later Date to 50% 7 (16%) N/A
Annual Flow
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4.5.3 Trends in Monthly Streamflow

Kendall’s tau statistical analysis was used to check for monotonic trends in the
Natural Flow record from 29 stations over the Colorado River Basin. Of the stdffons
(58%) exhibited decreasing trends, most of which at the 99% confidence interuaé (Fig

17). None of the Natural Flow stations showed any statistical significdrace

increasing trend.
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Figure 17: Trend results and confidence intervalérom Kendall's t statistical test run over the
period of daily record at each Reclamation NaturaFlow station.

Annual and April through July Natural Flow at each station was also considered. Of
the 29 stations, nearly all exhibited decreasing trends in annual wateuyefirvolume

(28 stations) and April through July runoff volume (26 stations). Similarly to those
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trends observed over the USGS HCDN dataset, the magnitude of trends wasyelati
small when compared to average station data. Variability in monthly and annual flows
over the Colorado River Basin disproportionally impacts linear analysisoffrtime
series. Table 3 summarizes the frequency of trends observed over the Natural F

record.

4.6 Correlation Between Snowpack and Streamflow in Colorado River Basin

Trends in snowpack and streamflow observed in this study tend to support other
recently published work (e.g., Knowles et al., 2006; Mote, 2003; Regonda et al., 2005;
Stewart et al., 2004). This study proposes to further address the correlatiombetwee
observed snowpack and runoff within the Colorado River Basin and impacts to the
magnitude and timing of flows. Characteristics of Natural Flow and SNOTEL
observations within Colorado River Headwater Basins are considered. For the purpose
of this research, the Colorado Headwaters, Upper Green, Lower Green,,Yampa
Gunnison, and San Juan headwater river basins are considered.

Correlation between the date to peak SWE observation and peak streamflow as wel
as correlation between the date to peak SWE observation and the date to 50% of annual
water year volume was done using daily data from USGS HCDN gages. Gameelat
between SNOTEL information and total water year or April through July runoff was
done using monthly data from Reclamation’s Natural Flow dataset.

Results are similar for each headwater basin in this study; as suclstite mave

been graphically shown for the Gunnison River Basin as summarized below.
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4.6.1 Gunnison River Basin

The Gunnison River Basin is located West Central Colorado and contributes
approximately 14.1% of the total annual runoff to the Colorado River from the Upper
Colorado River Basin (Hoerling & Eischeid, Unpublished). Reclamation opé¢hates
Aspinall Unit (i.e. the system of three dams, Blue Mesa, Crystal, and Morrowdpaoi
their associated reservoirs) within this subbasin to protect endangereukeftgtssyithin
the Gunnison River while also providing water for municipal and agricultural use in
accordance with the Aspinall Unit Operations Draft Environmental Impattr8éent
(U.S. Department of the Interior, Bureau of Reclamation, Upper Colorado Region, 2009)

Figure 18 and Figure 19 illustrate recent snowpack and streamflow enestacs
over the Gunnison River Basin. The relationship between annual April through July
runoff with observations of SWE is similar when SWE is compared to total annual
runoff. Over the past 10 water years, the date at which 50% of the annualeeater y
volume is observed has consistently occurred earlier than the historicd@oéall
USGS stations within the basin. This shift in timing appears in conjunction wir ear
observations of peak aggregate SWE, the timing of the melt day, and to a lesser extent
the first day of observed snowfall.

Over the last 10 years, the average water year total runoff and April throygh Jul
runoff have been below average consistently as the length of snow season hakhbeen be
average (Figure 19). Since 1979, April through July runoff in the basin has consistently
been above or below average with peak SWE observations from SNOTEL stations. Over
the last decade, earlier dates to the timing of the end of the snowpack season have

corresponded well with decreased average streamflow in the Gunnison Rsuer B
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when 50% of the observed annual runoff (date to 50%raual Q) from daily USGS station data is
described. On the y-axis, the standardized averagg length of the annual snow season (length of
snow season), b) date when the melt day is observgdte to annual melt day), c) date when the first
snowfall is observed (date to first annual snowfa)] and d) date when the peak SWE (date to peak
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Figure 19: In each plot, the years are indicatedsadots. On the x-axis, the standardized average
annual April through July runoff (Annual April-July Q) from daily USGS station data is described.
On the y-axis, the standardized average a) lengtt the annual snow season (length of snow season),
b) peak annual SWE, c) date when the peak SWE (date peak annual SWE) is observed, d) date
when the first snowfall is observed (date to firsannual snowfall), and e) date when the melt day is
observed (date to annual melt day) from daily NRCSNOTEL station data.
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4.6.2 Colorado Headwaters River Basin

The Colorado Headwaters River Basin is located north of the Gunnison River Basin
in Northwest Colorado. Of the subbasins within the Upper Colorado River Basin, the
Colorado Headwaters contributes nearly a quarter of the annual streamfl@wv to t
Colorado River mainstem (Hoerling & Eischeid, Unpublished). Streamflow ibasia
is largely unregulated, with no major regulatory dams or diversions.

Over the past decade, below average aggregate date to 50% annual water year
streamflow corresponds well with earlier average aggregate dgteak SWE and the
end of the snowpack season. To a lesser extent, the below average aggregate date to 50%
annual water year streamflow corresponds well with the length of the snowpaok se
(Figure 20).

Water year volume characteristics correlate well with April thihaligly volume
characteristics. Both the aggregate average date to Peak SWE measarghike
aggregate average magnitude of peak SWE correspond well with aggregate avetage Apri
through July runoff in the basin (Figure 21). Like the Gunnison River Basin, April
through July Runoff corresponds better to date signaling the end of the snowpack season

than to the date signaling the beginning of the snowpack season.
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Figure 20: As described in Figure 18, for the Colado Headwaters Basin.
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Figure 21: As described in Figure 19, for the Colado Headwaters Basin.
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4.6.3 Upper Green River Basin

The Upper Green River Basin is the northern most subbasin in the Upper Colorado
River Basin, the bulk of which is located in southwest Wyoming. The subbasin
contributes approximately 14.4% of the annual water year runoff to the Colorado River
(Hoerling & Eischeid, Unpublished) and is primarily regulated by Reclam#trough
the Fontenelle and Flaming Gorge Dams. Flaming Gorge Dam is operatediidace
with the EIS published by Reclamation (U.S. Department of the InterioraBwfe
Reclamation, Upper Colorado Region, 2005) in order to protect critical habitat for
endangered fish species in the region while maintaining water use developalsnt g
under the Colorado River Storage Project.

Like previous subbasins discussed here, decreasing (increasing) agavegage
streamflow corresponds with an average aggregate earlier (later) encdhowEack
season. Shorter average snowpack seasons tend to correspond well withreixdjer ti
associated with 50% of the annual water year runoff. Similarly to the Gunnison and
Colorado River Headwaters subbasins, there does not seem to be a strongragreem
between the beginning of the snowpack season and the date to the 50% of the annual

water year runoff (Figure 22).
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Figure 22: As described in Figure 18, for the UppeGreen Basin.

April through July runoff in the Upper Green River Basin is representative of #le tot
annual water year flow. Throughout the period of shared observations, there is good
correspondence between observed aggregate average peak SWE and April through July
runoff. The average aggregate date to the peak SWE observation also agreesilwith Apr
through July runoff, where earlier (later) peak SWE observations typicallyatedielow
(above) average aggregate April through July runoff. Again, average agofet
through July runoff corresponds more strongly with the end of the snowpack season than

with the beginning of the snowpack season (Figure 23).
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Figure 23: As described in Figure 19, for the UppeGreen Basin.
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4.6.4 Lower Green River Basin

The Lower Green River Basin contributes approximately 10% (Hoe®liBgcheid,
Unpublished) of the annual water year streamflow to the mainstem ColoradorRiver
Upper Colorado River Basin. The basin covers the majority of eastern Utah and is
largely unregulated by major dams or diversions.

Like previous subbasins discussed here, decreasing (increasing) agavegage
streamflow corresponds with an average aggregate earlier (later) endhowEack
season. Shorter average snowpack seasons tend to correspond well withreixgjer ti
associated with 50% of the annual water year runoff. There does not seem to be a strong
agreement between the beginning of the snowpack season and the date to the 50% of the
annual water year runoff (Figure 24).

Aggregate average peak SWE observations correspond well with aggregage avera
April through July runoff in the basin, and, to a lesser extent, the average agget¢gate d
to the peak SWE corresponds well to April through July runoff in the basin as well. As
with other previously discussed river basins, the end of the snowpack season corresponds
well with the April through July runoff, whereas an earlier end to the snowpack season
corresponds well with below average April through July runoff. Water year $togam

volume correlates well with April through July runoff in the basin (Figure 25).
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Figure 24: As described in Figure 18, for the LoweGreen Basin.
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Figure 25: As described in Figure 19, for the LoweGreen Basin.
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4.6.5 San Juan River Basin

The San Juan River Basin contributes nearly 12% of the average annual runoff to the
mainstem Colorado from the Upper Colorado River Basin (Hoerling & Eischeid,
Unpublished). The San Juan River within the basin is regulated primarily by
Reclamation through the operation of the Vallecito and Navajo Dams and reserv@rs. T
Navajo reservoir is part of the aforementioned Colorado River Storage Project and is
operated to aid the continued development of water resources in the Upper Colorado
River Basin. The Navajo reservoir in operated under accordance with Envirahment
Impact Statement published by Reclamation (2006) and in conjunction with the Fish and
Wildlife Service’s (FWS) San Juan River Basin Recovery Implementatimgrdm (U.S.

Fish and Wildlife Service, 2006) in an effort to protect critical habitat to endahfigine
species in the basin.

Average aggregate snowpack characteristics compared with the avgyeegate
date to 50% annual streamflow similarly to those comparisons made to previous basins
Over the past decade earlier dates to average aggregate peak SWE rubretpwith
earlier average aggregate date to 50% water year streamfloweRigjur

Average aggregate snowpack characteristics correspond with average tegipeta
through July runoff characteristics in a similar fashion as previously destuser
basins. In particular, there is strong correspondence between averagatzgoeak
SWE and the timing of the end of snowpack season with average aggregate April through

July runoff (Figure 27).

92

www.manaraa.com



Length of Snow Season

Date to First Annual Snowfall

) o -
[ =TT -

0.5

05

#1999

1951 ®# 1958 *240

04 * 199"

oo e 201200
2007

® 1987

-1.8 -1 05 4] 05 1 15
Date to 50% Annual Q

* 1908
1395

® 1682 1980
#1933
® 1957 19794 91390
1ggs #1986 1994

L ]
20034 19%4?981200501 992 4 2008

19878 2001% e 1991
#2007 8 2006 *2004

* 1996

*1989

-1.5 -1 05 0 0.5 1 15
Date to 50% Annual Q

93

Date to Annual Melt Day

Date to Peak Annual SWE

05 -

-05

Figure 26: As described in Figure 18, for the Saduan Basin.
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Figure 27: As described in Figure 19, for the Saduan Basin.

www.manaraa.com




4.6.6 Yampa River Basin

The Yampa River Basin extends from southern Wyoming through northwest
Colorado and northeast Utah and contributes approximately 16% of the annualeaater
inflow to the Colorado River mainstem (Hoerling & Eischeid, Unpublished) through the
White, Snake, and Yampa tributaries.

Average aggregate snowpack characteristics compared with the avgyeegate
date to 50% annual streamflow similarly to those comparisons made to previous basins.
Over the past decade earlier dates to average aggregate peak SWE rubmepwith
earlier average aggregate date to 50% water year streamflowothiéesubbasins in the
Upper Colorado River Basins, there is little correlation between the dasettofdhe
snowpack season and the date to 50% of the annual water year runoff (Figure 28).

In the Yampa River Basin, average aggregate snowpack characterisespond
with average aggregate April through July runoff characteristics in &asifi@shion as
previously discussed river basins. April through July runoff continues to be

representative of water year snowpack.
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Figure 28: As described in Figure 18, for the Yama Basin.
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Figure 29: As described in Figure 19, for the Yama Basin.
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4.7 Discussion Regarding Precipitation and Streamflow Characteristies @otorado
River Basin

Basin scale hydroclimatology has become an important consideration of wate
resource managers, particularly as it relates to streamflow withinrssyistem (e.g.,

Grantz et al., 2005). As such, consideration of hydroclimatic trends within the Colorado
River Basin has become important, particularly in light of the recent histanght. In

this study, there is evidence to suggest significant decreasing trendsvpaskp

particularly during the current drought period. In the snow driven hydrology of the
Upper Colorado River Basin, this correlates well with decreasing trends in betivaxbs
and natural streamflow in the basin.

Based on daily SNOTEL observations, the length of snowpack season has shortened
during this period of drought, and corresponds to below average aggregate April through
July runoff in Colorado headwater river basins. Interestingly, there is a rnmoobes
correspondence between runoff characteristics and the timing of the endbdt@ack
season than correspondence between runoff characteristics and the tirhang of t
beginning of the snowpack season.

While these results agree and provide support for previous studies showing a shift in
the timing and magnitude of runoff in the Colorado River Basin, this study does not
support an earlier hypothesis by Miller and Piechota (2008) suggestirigetheming of
runoff in the Colorado River Basin is due to the changing characteristics gfi{aéan
in the basin. This study did not observe any significant trends in the frequency of
snowfall and rainfall events. Investigation into the frequency of precipitatemtewith

a more robust gaging network (e.g. COOP stations) in conjunction with temperatur
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observations may provide improved insight as to the changing character pitatieci

in the basin. However, this study does support that over this period of drought, the
Colorado River Basin is experiencing decreased snowpack and shorter snowpank sea
due to earlier snowmelt.

As this period of drought continues in the Colorado River Basin, water resource
managers and forecasters should continue to expect shorter snowpack seasons and
resultant decreased and earlier runoff in the basin. It is possible that saoivmelt
runoff is more susceptible to infiltration and evaporative losses throughout thedsasi
increasing temperatures may increase both potential and actual evapitimmsrates.

With continued drought and decreased spring runoff, water resource managers must

continue effective water management policies and conservation practices.
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CHAPTER 5
DEVELOPMENT OF STREAMFLOW PROJECTIONS UNDER CHANGING
CLIMATE CONDITIONS OVER COLORADO
RIVER BASIN HEADWATERS
5.1 Introduction

As detailed in previous chapters, the Colorado River Basin is currently expegienci
the worst drought over the observed record (e.g, Timilsena et al., 2007). At theitggi
of water year 1999 (October 1998), water storage in the Colorado River Basin was a
94% capacity; in particular, the two largest reservoirs within the systake, Rowell and
Lake Mead, were at 98% and 91% capacity, respectively. Since 1999, water storage i
the Colorado River Basin has decreased to 56% capacity; Lake Powell and laake Me
are currently at 44% and 58% capacity, respectively. The current droughtieased
concerns on the ability of Reclamation to continue to meet water delivery raguie
(Barnett & Pierce, 2008; Barnett & Pierce, 2009; Barsugli et al., 2009; Rajagogt al.,
2009) and the impacts of climate change to hydroclimatology over the Colorado River
Basin and the American West (e.g., Balling Jr. & Goodrich, 2007; L. D. Brekle et
2008; Christensen & Lettenmaier, 2007; Fassnacht, 2006; Matter et al., 2010; Maurer,
2007; Meko et al., 2007; Miller & Piechota, 2008). In previous study, Miller and
Piechota (2008), enforced previous research indicating warming temperatdsedver
the Colorado River Basin region and corresponding changes in the timing offlstweam
within the basin (e.g., Christensen & Lettenmaier, 2007; Hamlet et al., 200%etHam
Lettenmaier, 2007; Hidalgo et al., 2009; Kalra et al., 2008; Regonda et al., 2005;

Timilsena & Piechota, 2008). In Chapter 4, decreasing trends in snowpack over the
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Colorado River Basin and the American West were shown to correspond with degreasi
annual streamflow within the Colorado River Basin. It was suggested thextcurr
streamflow prediction models predominantly driven by observed snowpack conditions
and utilized by the CBRFC may need to be investigated in light of changirgelim
conditions.

Traditionally, Reclamation has used historical data to project future stosamf
conditions and associated reservoir operations. Implicit in this practloe assumption
that the distribution of past data (e.g., mean, variance, standard deviation) is
representative of future conditions. Under changing climate conditions, the pasb ma
longer be representative of the future (e.g., L. D. Brekke et al., 2008). €kimatge
caused by anthropogenic influences has influenced global climate andogydsath
that past hydroclimatic means and extremes are no longer represeritatipected
hydroclimatology (Solomon & Intergovernmental Panel on Climate Change, Ngorki
Group [, 2007). Milly et al. (2008) defines stationarity as the idea that naystains
fluctuate within an unchanging envelope of variability. As such, the assumption of
hydroclimatic stationarity over the Colorado River Basin under clinfetage may not
be correct.

Streamflow in the Lower Colorado River Basin has been shown to exhibit signs of
nonstationarity and climatic teleconnection phases such as the AMO, PDO, af@gSOl
Thomas, 2007). Mauget (2003) investigated multidecadal trends in streamflow,
precipitation, and temperature over a 106 year period (1861 — 2001) using parametric
Mann — Whitney U and Z statistical techniques. It was noted that precipitatayeid

nonstationary behavior after 1972. Over the 106 year observational period, 8 of the 10
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wettest years occurred between 1973 and 1999, particularly over the southwestern,
central, and eastern regions of the United States. Drier conditions in thecAm\afest
have persisted since 1999. In contrast, 6 of the 10 warmest years occurred between 1986
and 2000 and have continued to persist throughout the southwest. Streamflow conditions
are representative of nonstationary behavior in the precipitation and tempezatuice
and have decreased with drier, warmer conditions. These results are suppated by |
studies indicating nonstationary behavior in the streamflow record using nonparame
statistical tests (i.e., Kendalltsand Spearman’s) to changes in climate teleconnection
indices (e.g., AMO, PDO, SOI) (e.g., Thomas, 2007). Under changing climate
conditions, the Colorado River Basin exhibits nonstationary behavior in temperature and
precipitation characteristics, contributing to a hydrologic deficit in thmpaspecially in
the southwest.

Water managers have traditionally relied on the assumption of hydroclimatic
stationarity to efficiently manage water resources and environmentatiopst The
timing and magnitude of runoff events is of particular importance, as actual and
forecasted runoff events can impact the operation of reservoirs; howeveteahmage
and anthropogenic alterations to basin characteristics increase thdtglificaccurately
projecting streamflow conditions within hydrologic systems (e.g.aNfil et al., 2009).
Raff et al. (2009) developed a methodology to assess flood risk and runoff projections
using projections of future climate. Raff et al. (2009) utilized temperatde
precipitation data from 112 GCMs within the WCRP CMIP3 dataset (Meehl et al., 2007)
subjected to statistical downscaling and bias-correction (Maurer et al.,t20ff)e the

NWS RFS hydrologic model over the Boise River above Lucky Peak Dam in Idaho,
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James River above Jamestown Dam in North Dakota, San Joaquin River above Friant
Dam in California, and the Gunnison River Basin above Blue Mesa Dam in Colorado.
Each of the four basins investigated in Raff et al. (2009) exhibited the potential for
increased flood frequency under changing climate conditions, although the authors to
acknowledge the need for further study to more fully understand these r&xhis.

recent studies have developed alternative methodologies for incorporating tengpera
and precipitation patterns over the Upper Colorado River Basin (Matter et al., 20#0). T
models and data sources presented in Raff et al. (2009) are very similar to tleeandde
data sources utilized in this focus of the study.

Hydrologic studies such as the one presented here and others (e.g., Maurer & Duffy,
2005; Maurer, 2007; Raff et al., 2009; VanRheenen et al., 2004) are typically developed
over regional, basin scales, so there exists a disconnect between the lsafscspaiof
the output from GCMs and their usability in hydrologic studies. Furthermore, GCMs do
not capture details important to regional hydrologic studies such as localecl
circulation or the orographic character of the basin (e.g., Metz & Intergyoestal Panel
on Climate Change, Working Group 1ll, 2007; Wigley, 2004).

Statistical downscaling utilized observed data at the desired level aftresdb
derive relationships between high resolution output from GCMs and the regional climate
scale of interest. Although computationally inexpensive, statistical dowmgckles
require a sufficiently long record of observational data to develop satisfacbss scale
relationships; most statistical downscaling methods also assume sosmeersa
stationarity over the climate record; under changing climate conditionasskienption of

stationarity may not be valid (e.g., Koutsoyiannis et al., 2007; Matter et al., 00;

103

www.manaraa.com



et al., 2008; Thomas, 2007). Despite this limitation, statistical downscaling methods ar
computationally inexpensive and are able to develop higher scales of resolution of
climate data over a longer period of time than most regional climate modelsr Whe
properly applied, the level of uncertainty and the quality of downscaled data derived
using dynamical and statistical methods is comparable (Solomon & Intemgoeatal

Panel on Climate Change, Working Group |, 2007; Wigley, 2004; Wood et al., 2004).

In this research, statistically downscaled data derived using the BC®Ddnet
developed by Wood et al. (2004) is used. The method is documented in numerous peer-
reviewed academic studies (Cayan et al., 2007; Christensen et al., 2004; Hafhoe et
2004; Hayhoe et al., 2007; Maurer & Duffy, 2005; Maurer, 2007; Payne et al., 2004;
VanRheenen et al., 2004; Wood et al., 2004) and produces downscaled temperature and
precipitation data that statistically matches the historical period.

The BCSD technique developed by Wood et al. (2004) is unique from other statistical
downscaling methods in that the method is able to simultaneously produce gridded time
series of precipitation and temperature data; most statistical dowgscadthods are
limited to a single variable, with some exceptions (Harpham & Wilby, 2005; eilgs,W
1999). For regional hydroclimatic studies, it is important that the variablateoést
(precipitation and temperature) are developed simultaneously to develoficrephsial
and temporal climate relationships. It is important to note that any biasebever
historical period within the climate data that are a result of the G\ wdl be
projected into the future, but the BCSD method compares very well with othsticahti

downscaling methods (Wood et al., 2004).
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In this study, the development of a methodology to develop streamflow projections
for use in Reclamation river and reservoir management models is describedtudiis
will examine the impacts of changing climate to evapotranspiratios, nakech has not
yet been fully addressed in this area of research, and much less over thddCRlvea
Basin. The need to address evapotranspiration rates in climate study ovetaddol
River Basin has been documented (e.g., L. Brekke & Prairie, 2009). The impact to
evapotranspiration rates are taken into consideration and incorporated into the
development of streamflow projections over Colorado River headwater basins in this
study. The results of this study further the goals of the Colorado River Béter
Supply and Demand Study (U.S. Department of the Interior, Bureau of Redamati
Lower Colorado Region, 2009).

Streamflow projections are examined for evidence of nonstationarity within the
projected period through the use of the Kolmogorov-Smirnov Test (KS — Test).
Currently, there is debate regarding the validity and degree of nonstdgiavidlnin the
Colorado River Basin. Through consideration of the distribution of streamflow over
Colorado River headwater basins and results of the KS — Test, this study attempts

further this discussion.

5.2 Study Area
In this study, projections of streamflow are developed over the Gunnison, Green, and
San Juan River Basins (Figure 30). Collectively, the three basins contribute
approximately 40% of the annual runoff in the Upper Colorado River Basin (Ho&rling

Eischeid, Unpublished).
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Legend

Colorado River
l:l Colorado River Basin SubBasins

United States Boundaries

Figure 30: The Colorado River headwater basins caidered in this study.

The basins in this study provide an opportunity to cover a broad latitudinal range of
the Upper Colorado River Basin and compare results to other research efforts@athe a
The Gunnison River Basin has been the subject of numerous studies, particulagy for t
application of downscaled climate projections (e.g., L. Brekke & Prairie, 200Qabk
Jr., 1994; Raff et al., 2009; U.S. Department of the Interior, Bureau of Reclamation,
Upper Colorado Region, 2009). Research on the impacts of teleconnection events on
drought and streamflow conditions in the Green River Basin have provided some insight
as to the role of climate variability over the Colorado River Basin (G. A. T&otle
Piechota, 2003). Pursuant to the National Environmental Protection Act (NEPA) of

1969, an Environmental Impact Statement (EIS) and Record of Decision (ROD) were
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published in 2006 defining the operations of the Navajo Reservoir within the San Juan
River Basin to aid in the conservation of endangered fish species, habitat, andectmti
meet Reclamation’s obligations to water delivery requirements and Matieeican

water rights (U.S. Department of the Interior, Bureau of Reclamation,r@fgperado

Region, 2006).

5.3 Data

5.3.1 Bias Corrected Spatially Downscaled Precipitation and Temperature Data

Reclamation, in cooperation with Lawrence Livermore National Labs and Starta
University, has made available BCSD precipitation and temperaturerdiatdhie WCRP
CMIP3 dataset over the continental United States (available at: http://gdo
dcp.uclinl.org/downscaled_cmip3_projections). This climate data has been downscaled
to 1/8" degree (approximately 7.5 miles or 12 kilometers) grid cell resolution, making i
more useful for regional hydrologic analysis. As previously describedgd#ta have
been downscaled using the BCSD technique described in Wood et al. (2004) and is

available at a monthly timestep. Figure 31 illustrates the impact of tB®Bathod.
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Legend

Temperature (Celsius)
January 1950 Average
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Figure 31 Observed and modeled average monthitemperature in January 1950 wa obtained over
the Gunnison River Basin. a) displays raw, 2 degesoutput from the Canadian Centre for Climate
Modeling and Analysis GCM under emissions scenari#2. b) displays obseved temperature at the
2 degree scale. c) displays modeled temperaturethe 2 degree scale that has been bias correcte
d) displays observed temperature at the 1" degree scale. e) displays modeled temperature datt
the 1/8" degree scale that &s been bias corrected and spatially downscale
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Reclamation is also currently developing streamflow projections over the Uppe
Colorado River Basin using the Variable Infiltration Capacity (VIC) moddlthe
BCSD dataset described in this study in the Colorado River Basin Water Supply and
Demand Study (U.S. Department of the Interior, Bureau of Reclamation, Lamlaado
Region, 2009). The VIC model being used by Reclamation is being run at a daily
timestep; as such, temporal disaggregation of data from the monthly BCSét datas
the Colorado River Basin is required. Temporal disaggregation of the monthly data was
accomplished by scaling historical daily precipitation or shifting hisibdaily
temperature data to match monthly time series data (Wood et al., 2004). This study
utilizes the daily precipitation and temperature time series derivedafostiidy. Future
work will aim to reconcile differences between Reclamation’s resediatisafvith the
VIC hydrologic model and this study’s effort with the NWS CBRFC RFS model

5.3.2 Emissions Scenarios

Climate projections for each of the 112 model runs available from the BCSDtdatase
are developed using emissions scenarios identified by the IPCGéNakt &
Intergovernmental Panel on Climate Change, 2000). The IPCC has developed a broad
range of scenarios based on future projections of greenhouse gas emissions in t@sponse
global demographic, socio-economic, and technological change and development. There
are four sets of emissions “families,” and each family contains one orgraups of
emissions scenario storylines. The families are defined as Al, A2, B1, and BZ In thi
study three storylines are considered: A2, B1, and A1B (a group within the A¥)tamil
The A2 storyline describes a heterogeneous world in which global population is

continually growing. Economic and technologic advancement varies regiauidlgo
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emphasis placed on the sharing or exchange of information. For this study, it may be
interpreted as the most pessimistic storyline and more apparent ingresamperatures.
The B1 storyline describes a more homogeneous world in which population increases
until the mid-century, at which point it declines and levels. This storylineidesa
world in which a socio-economic culture shift towards the sharing and exchange of
information and the rapid introduction of resource-efficient technology. Thidistory
may be interpreted as the most optimistic storyline in which climate cluaeg®
greenhouse gas emissions are addressed at a global scale.
The A1B storyline is a subset of the A1 family which describes a globat wionilar
to that in the B1 storyline and increased economic growth. In the A1B group,
technological advancements in resource management are balanced betsierrelfos
intensive and non-fossil fuel intensive energy sources. Greenhouse gas ermdgsiens
A1B storyline are between those higher emissions within the A2 storyline and those
lower emissions within the B1 storyline.

5.3.3 Projections of Evapotranspiration

Changes to evapotranspiration rates with changing climate have seldom been
considered when using hydrologic models and projections of climate dateeidkeBs
Prairie, 2009). Projections of evapotranspiration rates over the Colorado RsreraB
1/8" degree resolution were derived through use of the VIC model employed by
Reclamation. Average rates of evapotranspiration change per degreetanspehange
observed in the VIC model are incorporated into the NWS CBRFC RFS. The VIC model
computes evapotranspiration through use of the Penman-Monteith equation to estimate

evapotranspiration. The Penman-Monteith equation is defined as:
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AA+ p.c, D
el p“’/a (19)

A A+y(l+ %)

where E is evapotranspiration in mm/days the gradient of the saturated vapor

pressure with respect to temperature, A is the energy available foioparg into latent
or sensible heat, D is the vapor pressure deficis, the aerodynamic resistangg,is the
surface resistance of land cover, ani the psychrometric constant in k®aand
defined by:

CPP* -3
=P %10
4 el

(20)

wherec, is the specific heat of moist air, P is the atnhesjz pressures is the ratio of

the molecular weight of water vapor to that of dity and Ais the latent heat of
vaporization of water (Maidment, 1993; Xu et aB94). The VIC model assumes that
evapotranspiration occurs at the potential evapspigation rate for a saturated area, and
at a percentage of the potential evapotranspiratitmiwhen an area is partially saturated.
For bare solil, evapotranspiration is only calculdtem the uppermost VIC layer,
typically about 10 cm thick. Projected evapotramraion rates under the same climate
change conditions described in this study are biewestigated over the Columbia River
Basin (Hamlet & Elsner, 2009).

Evapotranspiration rates were derived by increaiagninimum and maximum
daily temperature within the VIC model by 1 deg@sdsius and computing the relative
change in evapotranspiration in the model. That is

(ET,-ET,)

ET, =
R ET,

(21)
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where ET; is a ratio representing change in evapotranspiratemand per degree
Celsius. ET, is the evapotranspiration rate calculated by ti@ odel after the
increase in temperature, akd_ is the original evapotranspiration rate priorfte t

change in temperature parameters.

Results were then averaged over a monthly tipedtepractice, monthly
evapotranspiration rates are adjusted as a catibnaarameter in the RFS by the
CBRFC. Although this study was unable to use Hib@tion model used by the
CBRFC, calibration of streamflow projections wakiaeed through the use of a ratio

method in post-processing of streamflow output &eetion 5.4.4 and 5.6).

5.4 Methodology

5.4.1 Hydrologic Model

Reclamation relies on unregulated streamflow fastschy the CBRFC for input into
operational and policy models. The CBRFC devethpse streamflow forecasts through
use of the NWS RFS (National Oceanic and Atmosph#tiministration, National
Weather Service, 2005) applied over the ColoradeiRBasin. The NWS RFS
incorporates numerous models to develop unreguiatiedv forecasts. The primary
models within the RFS and utilized over the Color&iver Basin are the Sacramento
Soil Moisture Accounting (SAC-SMA) model (Burnagtaeé, 1973) and the Snow
Accumulation and Ablation Model (SNOW-17) (E. A. derson, 1973; E. A. Anderson,
2006). The NWS RFS model used here was providedeo BRFC and is run in
calibration mode; that is, the model is run withthg calibration model that is typically
run in parallel with the model at the CBRFC. Teadibration model is run to calibrate

streamflow output from the RFS to observed streamffom gaging records. The
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calibration model run at the CBRFC is dependenhbvastructure unique to the CBRFC;
thus, this study does not operate the NWS RFS nedsitly as it is run at the CBRFC.

The NWS CBRFC RFS model used in this study incafesrmean areal temperature
(MAT) and mean areal precipitation (MAP) input fileOver the water year 1976
through water year 2005 calibration period, the EBRlerives these files through the
use of gage measurements provided by a varietywtss (e.g., NOAA, NRCS, NCDC,
USGS, and Reclamation). In this study, MAT and MA&s are developed using BCSD,
temporally disaggregated climate data from the WCRRP3 dataset.

The NWS RFS model provided by the CBRFC relied @nes of evapotranspiration
demand unique to each month; that is, evapotraigpirdemand in any given month is
identical throughout the length of the model rdis evapotranspiration demand,
though reasonable and comparable to evapotrariepiraeasurements over any given
area, was derived through the use of a separabeatain model to more closely align
forecasted streamflow output with observationstiiesnflow over the calibration period.
In this study, evapotranspiration is a functiommufnthly average projected temperature.
As such, a third input file describing mean are@p®transpiration (MAE) was derived
in this study.

The NWS RFS is a lumped hydrologic model. Basiitkiwthe Colorado River
Basin are divided into catchments which may eacbadbeed individually using the NWS
RFS. Each catchment may then be divided into dpree elevation bands. Headwater
catchment input is primarily temperature and prigaiion through the MAT and MAP
input files. Catchments that are downstream freadiwater and other catchments,

described as “local” catchments, incorporate rufrofih headwater catchments and other
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upstream local catchments in addition to precipiteand temperature input. Figure 32
illustrates the CBRFC catchments over the Gunni&gar Basin and surrounding

Colorado River Basin area.

w<¢‘;» E
H

Legend

Colorado River

[ cerrc Basins

Figure 32: Catchments over the Gunnison River Basiand the surrounding Colorado River Basin
are outlined in dark green.

5.4.2 Derivation of MAT Input Files

The NWS CBRFC RFS requires temperature input athaus timestep. The CBRFC
derives 6-hourly temperature values using an eogdirelationship between daily
maximum and minimum temperature values. This m@&é$ common between river
forecasting centers, though the empirical relatigng unique to each river forecasting

center. Empirical relationships are applied oVieyears and all seasons. For the
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CBRFC, the empirical relationships derived over@uodorado River Basin are as

follows:

00Z = 0950 T, +0.050* T, _ .

06Z = 0.400° T, +0600*T,
(22)

127 =0025* T, + 0925 T,

187 =0670*T_,, +0330*T,_,
where Z denotes Coordinated Universal Time (UT@)etanes referred to as Zulu time),

T, IS the minimum daily recorded temperatufg,, is the maximum daily recorded

temperature, and_, , is the previous day’s maximum recorded tempergtonath,

2009).

Using geographic information system (GIS) softwar&lded, 1/8 degree
temperature values were overlaid with elevatiom di@m 30 meter resolution digital
elevation maps (DEM) downloaded from the USGS Nmtidlap Seamless Server
(Available from the USGS, EROS Data Center in Sibalts, SD and
http://seamless.usgs.gov). The elevation at theecef each 1/8degree cell was
derived from the DEM and assumed to be represeatatithe elevation over each cell.
This elevation was used to classify temperatureesabver each elevation band within
each catchment.

Each catchment is divided into up to three elevaltiands as defined by the CBRFC.
For each catchment and elevation band within tatmhenent, a daily time series of
minimum and maximum temperature data was derivetdligg the average of daily

minimum and maximum temperature values from ea8h dégree grid cell from the
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temporally downscaled BCSD dataset. By applyimgaimpirical formulations described
in equation (19), a time series of 6-hourly temperavalues was derived for each
elevation band within each catchment. A MAT fintaining this information for each
elevation band within each catchment is used ag fiop the NWS CBRFC RFS.

5.4.3 Derivation of MAP Input Files

Like temperature data, the NWS CBRFC RFS requiresiptation input at a 6-hour
timestep. Precipitation data was separated bygtevband and catchment using a
method identical to that used to separat& tiyree temperature data. Unlike
temperature data, the CBRFC currently uses obsengatf precipitation at the 6-hourly
timestep and there are no empirical formulationsaoslate daily precipitation values to
a 6-hourly timestep.

In this study, time series of precipitation at hd# timestep were derived by first
comparing the daily rainfall depth from the templgrdisaggregated BCSD dataset to
the 30-year record of aggregated daily observatibpsecipitation used by the CBRFC.
The aggregated daily precipitation event occuriintdpe same month and nearest to the
daily precipitation event from the temporally digaggated BCSD dataset was then
identified. The daily precipitation value from ttemporally disaggregated BCSD
dataset was then disaggregated to a 6-hourly tiepepsoportional to the identified event
within the CBRFC observed dataset. A MAP file @ming this information for each
elevation band within each catchment is used a4 iimp the NWS CBRFC RFS.

5.4.4 Derivation of MAE Input Files

The NWS CBRFC RFS model provided for this studiedebn static, monthly

evapotranspiration demand within the SAC-SMA precdsor this study, the model was
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modified to require daily evapotranspiration inptaily evapotranspiration data was
derived by first averaging the rate of evapotramasiosin change per 1 degree Celsius
derived through the use of the VIC model over edefation band within each
catchment for each month over the 30-year calimgteriod (1976 — 2005). In addition,
12 base average temperatures were derived fomeawth using the 30-year calibration
period.

The original evapotranspiration demand within thSICBRFC RFS model was
used as a base evapotranspiration value. Fomeawth over the model run (1950 —
2099), an average monthly temperature was derivéis monthly average temperature
was then compared to the base temperature denxdlee same month over the 30-year
calibration period. The original evapotranspimti@lue was then adjusted based on the

difference between average monthly temperatural@tiase monthly temperature:
ET, = ETiq + (T, ~Toase)* ETe (23)
where ET, is the adjusted monthly evapotranspiration densdredgiven timeET, ;. is
the original evapotranspiration demand employethbyCBRFC,T, is the average
temperature over any given month in the derivee theries|l, .. is the 30-year

calibration period average temperature for anyrgiventh, ancET, is the averag&T,
over each elevation band within each catchmeneasad! through use of the VIC
model.

For the purposes of this study, daily evapotraasipin demand was assumed to be
constant and uniform over the course of any giventm A MAE file containing this

information for each elevation band within eacltbatent is used as input for the NWS
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CBRFC RFS. See Appendix A for a more detailedaxaion of the derivation of
evapotranspiration data within this study.

5.4.5 Post-Run Bias Correction

As described previously, the CBRFC runs the NWS RF&rallel with a separate
calibration model. This calibration model is noinhediately transferable from the
CBRFC to outside agencies; as a result, this sttadynot able to replicate the calibration
process in practice by the CBRFC. Instead, thidystises a ratio method to adjust
streamflow projections such that the long term nmasr the CBRFC calibration period
is equal to the long term mean derived throughutieeof the temporally disaggregated
BCSD data over the calibration period.

Twelve monthly average streamflow projections dher30-year calibration period
were derived using data from the CBRFC. Additibnawelve monthly average
streamflow projections over the 30-year calibrapeniod were derived using data from
the temporally disaggregated BCSD dataset. Tie oathese two values was computed
and applied to streamflow projections derived ushegtemporally disaggregated BCSD
dataset.

5.4.6 Model and Data Integration

In this study, numerous data sets were createihéegrated to produce projections
of streamflow under changing climate conditions.adidition, two models, the NWS
CBRFC RFS and the VIC model, were utilized to depelnregulated streamflow
projections and relative changes to evapotrangpiratith respect to temperature,
respectively. Figure 33 illustrates how these nwderd data sets were derived and

integrated to produce the projections of unregdlateeamflow presented in this study.
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Temporally disaggregated BCSD dataset(Section 5.3.1) VIC Model (Sections 5.3.1 and 5.3.3)

MAP (Section 5.4.3)

Relative Change in
Evapotranspiration with respect to
temperature (Section 5.3.3 and
Appendix A)

MAT (Section 5.4.2)

Derivation of adjusted evapotranspiration
demand (Section 5.4.4 and Appendix A)

MAE (Section 5.4.4
and Appendix A)

NWS CBRFC RFS
(Section 5.4.1)

Unregulated
Streamflow

Bias Correction (Section 5.4.5)

Bias Corrected Projection of Unregulated
Streamflow under Changing Climate
Conditions

Figure 33 This flow chart illustrates how information from the temporally disaggregated BCSI
dataset and information from the VIC model were usd to develop precipitation,temperature, and
evapotranspiration demand input to drive the NWS CERFC RFS model. Unregulated streamflov
output from the NWS CBRFC RFS model was then biasasrected. It is important to note that the
environmental consulting firm AMEC operated the VIC madel and evapotranspiration output was
provided for use in this study

5.4.7 Test for Stationarity

The KS — Tests a nonparametric test for determining if theribisttions of two
samples are the same. The-Test compares empirical distributions wo sample sets
of data and determining the maximum distance betwee two sets of data. Tt
maximum distance is a value from which the hypathtsat the underlying distributic
is the same for both samples may be rejected Wahee of the maximurdistance
exceeds a critical value defined by the size ofstiaples. The K- Test has been us:
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to compare ensemble streamflow projections betweaped and distributed hydrologic
models (Carpenter & Georgakakos, 2006) as welkgscting changes in the probability
distributions associated with precipitation anéatnflow events (W. Wang et al., 2008).
In this study, the KS — Test is utilized to compparebability distributions of multi-

decadal streamflow projections.

5.5 Results of RFS Model Runs

5.5.1 Impact of Evapotranspiration Incorporation

The NWS CBRFC RFS model derives monthly evapotieaispn demand through
the use of a separate calibration model. Stream#sponse to evapotranspiration is
significant and in defining an evapotranspiratiomet series based on temperature, it is
acknowledged that this study has deviated apprgdiaim how the CBRFC currently
derives unregulated inflow forecasts. Howeverrentrresearch has not incorporated
climate change impacts to evapotranspiration deggiimportant role in the hydrologic
cycle.

Figure 34 illustrates the impact of taking into@aat climate change impacts to
evapotranspiration. Whereas thd'#nd 98 percentiles over the 90 year projection
period are approximately equal, the mean of theclifriate projections is different.
Over the 2010 — 2039 time period, adjusting evansipiration in response to
temperature change results in a decrease of apmaiedy 121,000 acre-feet
(approximately 6%) than projections made withouadjustment to temperature. This
difference increases over time, with a decreasgpfoximately 209,000 acre-feet
(approximately 10%) and approximately 267,000 deet-{approximately 13%) over the

2040 — 2069 and 2070 — 2099 time periods, respdygtiv
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Impact of Evaporation on Streamflow Projections in the Gunnison River Basin

o B CBRFC °
- [ Adjusted Evaporation Rates
Hl  Static Evaporation Rates
o B Calibration Period Mean
o [+]
0 o

[e)
[sa sl o)

Streamflow (MAF)

- = ,- g- =

1976-2005 2010-2039 2040-2069 2070-2099
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Figure 34: Modified boxplots illustrating the impact of incorporating climate change impacts to
evapotranspiration rates in the Gunnison River Basi. Boxplots in this study define the outer
whiskers at the 10% and 90% exceedance values. Thed boxplot illustrates results derived using
data from the CBRFC over the calibration period. Geen boxplots illustrate results derived using
the temporally downscaled BCSD dataset and adjustinevapotranspiration in response to
temperature change. Blue boxplots illustrate rests derived using the temporally downscaled BCSD
dataset without adjusting evapotranspiration in reponse to temperature change.

Evapotranspiration and associated impacts to grojecof streamflow over the
Gunnison River Basin is spatially distributed (Fig85). Adjusting evapotranspiration
with changing temperature impacts the GunnisonfBasin across all catchments,
particularly those in the southern portion of tlasih which is typically characterized by

flatter topography and contributes less flow to@wenison River tributary.
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Figure 35. Impact of adjusting evapotranspiration with changes in temperature at the catchmen
scale over the Gunnison River Basii Panels on the left reflect average model output wine
evapotranspiration is not adjusted wth temperature over the 20102039 time period (top left), the
2040 -2069 time period (middle left), and the 207— 2099 time period (bottomeft). Panels on the
right reflect average model output when evapotransipation is adjusted with temperature ovei the
20102039 time period (top right), the 204(— 2069 time period (middle right), and the 207 2099
time period (bottom right). Decreasin¢ streamflow projections are more pronounced throughat
latitudinal and elevation bands when evapotranspirtion is adjusted for changing temperatures
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For the purposes of this study, streamflow propectiare derived for each of the
three headwater basins with evapotranspiratiorséetjufor temperature changes. This
decision is made for two reasons; firstly, receéntly of climate change impacts to
streamflow over the Colorado River Basin typicatigicate decreasing flow within the
basin between 10% and 20% (e.g., Barnett & Pi@@@9; Christensen & Lettenmaier,
2007; Hamlet et al., 2007; Hoerling & Eischeid, 2ZPD0The second reason is to maintain
a methodology similar to that of parallel work lgeolone by Reclamation with VIC

model; future study will attempt to reconcile strélw differences between the studies.

5.6 Post Bias Correction

As described previously, this study is limited aittit can not reproduce the current
calibration in practice at the CBRFC. In an attetogdimit the impact of lack of a
parallel calibration model, streamflow projectiaesived through the use of the
modified NWS CBRFC RFS model were bias correctath $hat the average streamflow
over the 30-year calibration period were identicBhis was accomplished through the
use of a ratio method described in Section 5.5Hs was accomplished by first deriving
the average streamflow associated with each mamhtbe 30-year calibration period
defined by the CBRFC. For each of the 112 clinpatgections within the temporally
disaggregated BCSD dataset, the average streapftmection associated with each
month over the 30-year calibration period was dated. A bias correction factor for
each climate projection was defined and applied thesprojected time series such that
the average streamflow over the 30-year calibrgteniod is exactly equal to that derived
by the CBRFC. Summary statistics comparing pre-ost-bias corrected streamflow

projection data are presented in Table 4. It jgartant to note that the mean for each
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climate projection was bias corrected to matchctibration period; that is the average
for each of the 112 climate projections is equahtmean of the results over the
CBRFC calibration period. In contrast, the prestiarrected mean presented in Table 4

is the average of all mean streamflow derived usiegl12 climate projections.

Table 4: Statistics of streamflow projections preand post-bias correction.

CBRFC Streamflow _Average C.)f 1.12 _Average (.)f 1.12
Statistic Projection (1976 - Climate Prolectlon§ Climate Projections
(1976 - 2005) Pre-Bias (1976 - 2005) Post-
2005) / g i
Correction Bias Correction
Mean 2.183 1.804 2.183
Average 2.163 1.716 2.050
Median
Average
Standard 0.809 0.635 0.851
Deviation
Average 0.655 0.411 0.737
Variance
Average 3.935 3.400 4.382
Maximum
Average 0.701 0.814 0.917
Minimum
Average 0.258 0.704 0.818
Skew

5.7 Streamflow Projections

5.7.1 Gunnison River Basin

The Gunnison River Basin contributes approximatdlo of the Upper Colorado
River Basin’s annual runoff to the Colorado Rivdpbérling & Eischeid, Unpublished).

Over the 30-year calibration period, the averageffurom the Gunnison is
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approximately 2.18 MAF. Each of the 112 climatejgctions was used to force the
NWS CBRFC RFS (Figure 36). Over the model runqee(ll950 — 2099), average
streamflow from the Gunnison River Basin is appnmwatiely 2.05 MAF. Table 5
summarizes the results of the streamflow projestmrer the Gunnison River Basin.
Reclamation operates the Blue Mesa, Morrow Poid,@rystal Dams and Reservoirs,
collectively known as the Aspinall Unit, as parttioé Colorado River Storage Project
(CRSP) (U.S. Department of the Interior, Bureaietlamation, Upper Colorado
Region, 2009). Reclamation manages the CRSP tbdoemstream flow requirements,
hydroelectric power needs, and provide for endatyésh and their habitat, along with

other approved uses.

Projected Unregulated Streamflow - Gunnison River Basin

Projection 30-Year CERFC Average —  10-Year Moving Average
CBRFC ——  30-Year Frojection Average 30-Year Moving Average

12

10

Unregulated Flow (MAF)

A
: [T ™

1950 2000 2050 2100

Water Year

Figure 36: Streamflow projections from each of thel12 climate projections over the Gunnison River
Basin. Results from the CBRFC's calibrated model @ included as well as long-term averages.
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Table 5: Average streamflow projections from the @nnison River Basin. Projections are separated
by SRES emissions scenarios and future multi-decaldaeriods.

Average streamflow projection (MAF) from the Gunnison
River Basin
Time Period All A2 Bl AlB
2010 - 2039 2.07 2.10 2.09 2.02
2040 - 2069 191 1.89 1.92 1.92
2070 - 2099 1.83 1.76 1.90 1.82

On average, streamflow over the Gunnison RiverrBdscreases over future multi-
decadal periods. Of interest, one climate prapectesults in a streamflow projection in
excess of 12 MAF in the year 2030. This projecttomade by the Canadian Centre for
Climate Modeling and Analysis GCM (Flato & Boer,(AQ under an A1B emissions
scenario, which, on average, is the more moderaitgse®ns scenario considered in this
study. The minimum annual flow projection is apgpneately 0.44 MAF in 2071. This
minimum flow is a product of the GCM from the InstiPierre Simon in Laplace, France
(O et al., 2005); more intuitively, this projectitails under the A2 emissions scenario
which describes, on average, a more aggressiveingitrend. Figure 37 separates
streamflow projections over the Gunnison River Bdsi emission scenarios included in

this study.
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streamflow Projections by Emissions Scenarios over the Gunnison River Basin
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Figure 37: Streamflow Projections over the Gunniso River Basin separated by emissions scenarios.

As shown in Figure 38, the southern portion of@umnison River Basin exhibits the

greatest percent reduction in projected streamffom the calibration period. This area

encompasses the southern portion of the Rocky Nmsit Previous work has shown

that snowpack in this area has declined with wagnm@nds over the Colorado River

Basin and contribute decreased streamflow in th@mngMote et al., 2005; Mote, 2006).
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5.7.2 Green River Basin

As derived by Hoerling and Eischeid(Unpublishedg Green River Basin
contributes approximately 14.5% of the Upper CalorRiver Basin’s annual runoff to
the Colorado River. Itis important to note thalike Hoerling and Eischeid
(Unpublished) the CBRFC model does not accountuiooff from the Great Divide
subwatershed just to the east of the Green RiveinB& he region accounted for in this
study contributes approximately 12.5% of the Upgpelorado River Basin’s annual
runoff.

Reclamation manages two reservoirs, Fontenelld=&rding Gorge, to regulate flow
along the northern-most tributary to the ColoradeeR Reclamation operates the
Flaming Gorge reservoir to meet downstream watkretg and hydroelectric power
needs. Like the Aspinall Unit, Flaming Gorge opierss allow for Reclamation to
protect and assist in the recovery of endangesbdaithin the Colorado River Basin.

Over the 30-year calibration period, the averageffufrom the Green River Basin is
approximately 1.93 MAF. Each of the 112 climatej@ctions was used to force the
NWS CBRFC RFS (Figure 39). Over the model runqak(l950 — 2099), average
streamflow from the Green River Basin is approxehal.92 MAF. Table 6

summarizes the results of the streamflow projestmrer the Green River Basin.
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Projected Unregulated Streamflow - Green River Basin

Unregulated Flow (MAF)

Projection  ——————
——  CBRFC e

30-Year CBRFC Average
30-Year Projection Average
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VWater Year
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Figure 39: Streamflow projections from each of thel12 climate projections over the Green River
Basin. Results from the CBRFC's calibrated model @ included as well as long-term averages.

Table 6: Average streamflow projections from the @een River Basin. Projections are separated by
SRES emissions scenarios and future multi-decadaépods.

Average streamflow projection (MAF) from the Green River
Basin
Time Period All A2 Bl AlB
2010 - 2039 1.89 1.93 1.89 1.86
2040 - 2069 1.89 1.92 1.87 1.89
2070 - 2099 1.95 1.97 1.92 1.96
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On average, streamflow over the Green Basin inesegigghtly over future multi-
decadal periods. Figure 40 separates streamflojggtions over the Green River Basin

by emission scenarios included in this study.

Streamflow Projections by Emissions Scenarios over the Green River Basin
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Figure 40: Streamflow Projections over the Green Rer Basin separated by emissions scenarios.

As shown in Figure 41, much of the central portbiireen River Basin exhibits
slightly increased streamflow when compared toceddration period. This is somewhat
consistent with results noted by Mote (2006). M@@06) describes increasing trends in
SWE when using a regression describing SWE in tefrpsecipitation and temperature.
The SNOW-17 model derives snowpack conditionssmalar fashion (E. A. Anderson,
2006). Under these climate conditions, increasedainsnowpack conditions would

yield increased runoff throughout the basin.
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Figure 41: Multi-decadal averages of streamflow projeions over the Green River Basir
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5.7.3 San Juan River Basin

Since 1992, Reclamation has been working in cotktiom with the San Juan River
Basin Recovery Implementation Program to proteetGhlorado pikeminnow and the
razorback sucker and their respective habitat (Bish and Wildlife Service, 2006).
Reclamation operates the Vallecito and Navajo vessrwithin the San Juan River
Basin to manage approximately 16% of the annuaiffua the Colorado River
(Hoerling & Eischeid, Unpublished); this value does include the western most portion
of the San Juan River Basin, rather, the modelldped by the CBRFC terminates near
the confluence of Chinle Creek and the San JuaerRind contributes approximately
12% of the annual runoff to the Colorado River.s&egoirs within the San Juan River
Basin are also part of the CRSP.

Over the 30-year calibration period, the averageffuirom the San Juan River Basin
is approximately 1.81 MAF. Each of the 112 climatejections was used to force the
NWS CBRFC RFS (Figure 42). Over the model runqee(ll950 — 2099), average
streamflow from the San Juan River Basin is appnately 1.67 MAF. Table 7
summarizes the results of the streamflow projestmrer the San Juan River Basin.

For the San Juan River Basin Recovery Implememd&iogram, a model within the
RiverWare framework is utilized. In the next clepthis model will be used to
investigate the impacts climate change may haveemtamation’s ability to meet San

Juan River Basin Recovery Implementation Prograaisgo
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Projected Unregulated Streamflow - San Juan River Basin
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Figure 42: Streamflow projections from each of thel12 climate projections over the San Juan River
Basin. Results from the CBRFC's calibrated model @ included as well as long-term averages.

Table 7: Average streamflow projections from the 8n Juan River Basin. Projections are separated
by SRES emissions scenarios and future multi-decaldaeriods.

Average streamflow projection from the San Juan River Basin
Time Period All A2 Bl Al1B
2010 - 2039 1.69 1.71 1.74 1.62
2040 - 2069 1.50 1.47 1.54 1.49
2070 - 2099 1.40 1.32 1.50 1.39
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On average, streamflow over the San Juan RivenREsireases over future multi-
decadal periods. Of interest, one climate prapectesults in a streamflow projection in
excess of 9 MAF in the year 2030. Like the GunmiBover Basin, this projection is
made by the Canadian Centre for Climate ModelirdyAamalysis GCM (Flato & Boer,
2001) under an A1B emissions scenario. The minirannual flow projection is
approximately 0.10 MAF in 2091. This minimumvias also a product of the GCM
from the Institut Pierre Simon in Laplace, Fran®Geet al., 2005) under the A2 emissions
scenario. Figure 43 separates streamflow projestiver the San Juan River Basin by

emission scenarios included in this study.

Streamflow Projections by Emissions Scenarios over the San Juan River Basin
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Figure 43: Streamflow Projections over the San JuaRiver Basin separated by emissions scenarios.
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Figure 44: Multi- decadal averages of streamflow projections over th&an Juan River Basin
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As shown in Figure 44, the vast majority of the 3aan River Basin exhibits
reduced streamflow when compared to the calibrgi@iod. Reduced streamflow in the
region results in less flexibility in the managemehReclamation’s reservoir system.
With reduced flows, it is more difficult for Reclation to manage reservoir releases to
protect endangered fish in the area, particulegli eelates to the regulation of river

temperatures and the protection of habitat area.

5.8 Stationarity in Projected Streamflow Forecasts

Summary statistics and the KS — Test are usedsrstady to assess the stationarity
of streamflow projections over each of the headwadsins considered in this study.
The definition of stationarity, particularly witlegards to climate change, is often under
debate (e.g., Matter et al., 2010; Milly et al.D80Raff et al., 2009; Villarini et al., 2009;
Wilby et al., 1999). Summary statistics have besed in past studies to investigate the
distribution and change of hydroclimatic indicegy(eJ. Prairie et al., 2007; J. R. Prairie
& Rajagopalan, 2007) and the KS — Test has beahassa test for change over historical
hydroclimatic time series (e.g., Koutsoyiannis & Manari, 2007; W. Wang et al., 2008)
hydrologic model forecasts (Carpenter & GeorgakaR066).

5.8.1 Gunnison River Basin Results

Summary statistics for streamflow projections awer Gunnison River Basin are

presented in

Table 8. While there is an appreciable changemnsary statistics between multi-
decadal periods, these changes may be attributeatucal hydroclimatic variability

within the Colorado River Basin as evidenced bg-iag reconstructions over the region
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(e.g., Meko et al., 2007; Woodhouse & Lukas, 2006pdhouse et al., 2006). A

cumulative distribution of streamflow over each titgcadal period and separated by

emissions scenario is presented in Figure 45. clihaulative distribution functions

(CDF) of streamflow, regardless of emission scenaend to be close, though separation

iS more apparent over the time period spanning 2@099.

Table 8: Gunnison River Basin summary statistics.

Summary Statistics of Streamflow Projections Over the Gunnison RiveBasin

(MAF)
1976 - 2005 2010 - 2039 2040 - 2069 2070 - 204
Statistic | A2 B1 AlB| A2 Bl Al1B| A2 Bl Al1B| A2 Bl AlB
Min 0.5« 0.61 0.63| 0.61 0.64 0.47| 0.49 0.61 0.51 0.43 0.53 0.50
1St. 15€ 157 157|142 142 1.31| 1.21 1.30 1.25 1.14 1.26 1.21
Quantile
Median |2.0¢ 2.08 2.06| 1.91 1.91 1.83| 1.70 1.73 1.69 1.54 1.67 1.64
Mean |2.1¢ 2.18 2.18| 2.10 2.09 2.01] 1.89 1.92 1.91 1.76 1.90 1.82
3rd' 2.6f 2.66 2.63| 256 253 2.45H 2.35 2.30 2.40 2.16 2.31 2.21
Quantile
Max 6.7( 5.60 5.49| 6.72 7.36 12.67 6.79 7.20 7.19 7.29 7.05 9.06
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Figure 45. Plots of CDFs of projected streamflonover the Gunnison River Basin.
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The KS — Test was first applied between streamfiovjections derived by the
CBRFC over the calibration period and streamflowjgmtions derived using climate data
from the 112 temporally downscaled BCSD dataset theesame period. As would be
expected, the test statistic derived using the R&st was less than the critical test
statistic. Thus, the null hypothesis that the dataes from the same distribution could
not be rejected. When streamflow projections defifrom the 112 temporally
downscaled BCSD dataset were separated by emssgmiario over the calibration
period, the result was the same.

The KS — Test was then applied between streamfloyegtions derived by the
CBRFC over the calibration period and streamflowajgmtions derived using climate data
from the 112 temporally downscaled BCSD dataset theeperiod from 2010 to 2099.

In this case, the test statistic derived usingde- Test was greater than the critical test
statistic. Thus, the null hypothesis that the dataes from the same distribution could
be rejected and may be indicative of nonstatiobahavior.

The KS — Test was then applied between streamfltoyegtions derived by the
CBRFC over the calibration period and streamflowjgmtions derived using climate data
from the 112 temporally downscaled BCSD dataset theeperiod from 2010 to 2099,
separated by emissions scenario and multi-decadiaido For each emissions scenario
and projected streamflow over the period spanndig2o 2039, the test statistic was
less than the critical value and the null hypothesuld not be rejected. However, for
each emissions scenario and projected streamflewtbe period spanning either 2040 to
2069 or 2070 to 2099, the null hypothesis coulddpected. Table 9 summarizes results

of the KS — Tests performed over the Gunnison RBasin.
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Table 9: Results of the KS - Test over the GunnisoRiver Basin

Critical or
Test Statistic p-Value Null Hypothesis
All Climate -
D_rlve_n 0.108 0.878 Not Rejected
Projections
1976-2005
All Climate -
Driven :
Projections 2010 0.221 0.109 Rejected
- 2099
A1B Projections .
1976 - 2005 0.111 0.863 Not Rejected
A1B Projections .
2010 - 2039 0.192 0.234 Not Rejected
A1B Projections .
2040 - 2069 0.235 0.079 Rejected
A1B Projections .
2070 - 2099 0.280 0.021 Rejected
A2 Projections .
1976 - 2005 0.105 0.907 Not Rejected
A2 Projections .
2010 - 2039 0.143 0.593 Not Rejected
A2 Projections .
2040 - 2069 0.244 0.063 Rejected
A2 Projections .
2070 - 2099 0.321 0.005 Rejected
B1 Projections .
1976 - 2005 0.108 0.884 Not Rejected
B1 Projections .
5010 - 2039 0.137 0.644 Not Rejected
B1 Projections .
2040 - 2069 0.220 0.119 Rejected
B1 Projections .
5070 - 2099 0.251 0.050 Rejected
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5.8.2 Green River Basin Results

Summary statistics for streamflow projections awer Green River Basin are
presented in Table 10. Unlike the Gunnison RivasiB there is not an appreciable
change in summary statistics between multi-degaeldds. There is less deviation from
the 1976 — 2005 mean over each multi-decadal pénadthat observed over the
Gunnison River Basin. CDFs of Green River Bagieashflows share similar

characteristics with those over the Gunnison RiBaesin (Figure 46).

Table 10: Green River Basin summary statistics.

Summary Statistics of Streamflow Projections Over the Green River Bas

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

Statistic| A2 Bl AlB| A2 Bl Al1B| A2 Bl Al1B| A2 Bl AlB

Min 0.63 0.61 0.58] 0.49 0.56 0.38| 0.50 0.45 0.53| 0.33 0.47 0.51

1st

Quantile 145 146 147138 1.36 1.34/1.37 1.35 1.34/ 1.36 1.34 1.38

Median | 1.82 1.82 1.83| 1.81 1.73 1.73|1.82 1.78 1.76| 1.83 1.78 1.80

Mean | 1.93 1.93 1.93/ 1.93 1.88 1.86| 1.92 1.87 1.89| 1.97 1.92 1.96

3rd

.| 2.31 2.32 2.30| 2.34 2.25 2.22| 2.33 2.26 2.35| 2.41 2.36 2.37
Quantile

Max 5.31 465 5.47|5.17 556 6.09| 5.78 5.07 5.35| 5.54 6.03 7.13
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Figure 46. Plots of CDFs of projected streamflonover the Green River Basin.
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KS — Test results were developed in an identicgifan to those over the Gunnison
River Basin. The results of each KS — Test in@iddbat the null hypothesis could not be
rejected; that is, each multi-decadal period didocome from a statistically different
distribution. As a result, it is not possible tate that streamflow projections statistically
exhibit nonstationary behavior. The topographthefGreen River Basin is generally
more mountainous and at higher elevations tharethothe San Juan and Gunnison
River Basins. As warming temperature impacts aveerprevalent at lower elevations,
projected climate over the Green River Basin mdylekmore stationary characteristics
since climate change impacts are not as realizedjlaér elevations and latitudes (e.qg.,
Mote et al., 2005; Mote, 2006). Table 11 summaribe results of the KS — Tests over

the Green River Basin.
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Table 11:

Results of the KS - Test over the GreeRiver Basin.

Critical or
Test Statistic p-Value Null Hypothesis
All Climate -
Driven 0.102 0.919 Not Rejected
Projections
1976-2005
All Climate -
D_rlve_n 0.103 0.911 Not Rejected
Projections
2010 - 2099
AlB
Projections 0.109 0.881 Not Rejected
1976 - 2005
AlB
Projections 0.132 0.691 Not Rejected
2010 - 2039
AlB
Projections 0.102 0.923 Not Rejected
2040 - 2069
AlB
Projections 0.077 0.995 Not Rejected
2070 - 2099
A2 Projections _
1976 - 2005 0.104 0.912 Not Rejected
A2 Projections _
2010 - 2039 0.096 0.950 Not Rejected
A2 Projections _
2040 - 2069 0.097 0.946 Not Rejected
A2 Projections _
2070 - 2099 0.099 0.937 Not Rejected
B1 Projections _
1976 - 2005 0.100 0.932 Not Rejected
B1 Projections _
2010 - 2039 0.127 0.734 Not Rejected
B1 Projections _
2040 - 2069 0.116 0.825 Not Rejected
B1 Projections _
2070 - 2099 0.100 0.932 Not Rejected
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5.8.3 San Juan River Basin Results

Summary statistics for streamflow projections awer Green River Basin are
presented in Table 12. Like the Gunnison RiveiiiBteere is an appreciable change in
summary statistics between multi-decadal peridg€iBFs of San Juan River Basin
streamflows share similar characteristics with ¢hoger the Gunnison River Basin

(Figure 47).

Table 12: Summary statistics over the San Juan Rér Basin.

Summary Statistics of Streamflow Projections Over the San Juan River Basi

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

Statistic | A2 B1 Al1B (A2 Bl Al1B | A2 Bl Al1B|A2 Bl AlB

Min 0.310.32 0.34|0.230.30 0.27| 0.190.26 0.21|0.13 0.25 0.17

1st

Quantile 1.171.13 1.14|1.001.00 0.90| 0.790.89 0.83|0.69 0.85 0.78

Median |1.6¢ 1.62 1.59|1.441.45 1.37| 1.241.33 1.26(1.11 1.24 1.18

Mean [1.871.81 181|1.711.74 1.62| 147154 1.49|1.32 150 1.39

3rd

. 12.2€ 229 227213221 2.07| 1.881.88 1.85(1.66 1.92 1.74
Quantile

Max |6.8715.21 5.84|7.647.36 12.47| 7.669.06 6.42|8.68 7.25 10.10
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Figure 47. Plots of CDFs of projected streamflow over the & Juan River Basin
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KS — Test results were developed in an identicgifan to those over the Gunnison
and Green River Basin. Results over the San Juaar Basin were slightly different
from those results derived over the Gunnison aree@River Basins. For the period
spanning 2010 — 2039, the A1B emissions scenalithix a test statistic greater than
the critical value such that the null hypothesisldde rejected. Like the Gunnison
River Basin, all emissions scenarios and projesteshmflow spanning the period over
2040 to 2099, the test statistic was greater tharctitical value and the null hypothesis
could be rejected. Other KS — Test results wesditatively identical with those
observed over the Gunnison River Basin. Oveffadl tbpography of the San Juan River
Basin is at lower elevations than those in the & Gunnison River Basins. As
warming temperature impacts are more prevalemveaer elevations, projected climate
over the San Juan River Basin may exhibit nonstatpcharacteristics sooner than those

projected in the Green and Gunnison River Basins.
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Table 13:

Results of the KS - Test over the San dn River Basin

Critical or
Test Statistic p-Value Null Hypothesis
All Climate -
D_rlve_n 0.102 0.916 Not Rejected
Projections
1976-2005
All Climate -
DIYE 0.247 0.053 Rejected
Projections
2010 - 2099
AlB
Projections 0.103 0.918 Not Rejected
1976 - 2005
Al1B
Projections 0.216 0.130 Rejected
2010 - 2039
AlB
Projections 0.265 0.033 Rejected
2040 - 2069
Al1B
Projections 0.309 0.007 Rejected
2070 - 2099
A2 Projections .
1976 - 2005 0.099 0.937 Not Rejected
A2 Projections .
2010 - 2039 0.175 0.333 Not Rejected
A2 Projections -
2040 - 2069 0.279 0.021 Rejected
A2 Projections -
2070 - 2099 0.349 0.002 Rejected
B1 Projections .
1976 - 2005 0.105 0.907 Not Rejected
B1 Projections .
5010 - 2039 0.162 0.426 Not Rejected
B1 Projections -
2040 - 2069 0.251 0.050 Rejected
B1 Projections -
5070 - 2099 0.278 0.022 Rejected
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5.9 Discussion

In this study, a methodology for incorporating BC8[nate data into a hydrologic
streamflow forecasting model was developed. Thethodology utilized data from large
scale GCMs that had been bias corrected and dpalatnscaled such that the data
would be useful in regional hydrologic studies.isTitesearch further represents a
methodology and progress towards the ability toiporate climate change projections
into Reclamation’s existing operations plans amdrrand reservoir management studies.

Evapotranspiration under changing climate condgtismot trivial in hydrologic
modeling efforts or water resource managementesudh major contribution of this
study is that by adjusting evapotranspiration wattmperature, catchment streamflow
projections are decreased by as much as 20% @@year multi-decadal period. The
CBRFC currently adjusts evapotranspiration demaititimthe SAC-SMA model within
the NWS RFS to calibrate the model to observeastfiew in the basin. This
methodology highlights both the importance and taggy regarding evapotranspiration
in hydrologic modeling studies. Evapotranspirai®a sensitive and important
parameter that must be accounted for; howevertallimited observational data, it is
often implicitly calculated through calibration effs or as part of a mass balance
formulation. Under changing climate conditionss thncertainty increases. This study
presents a progressive methodology through whieh@és to evapotranspiration may be
addressed when dealing with uncertainty associaitbdclimate change. Previous
studies have presented progressive automatedatadibschemes but do not address

evapotranspiration (e.g., Hogue et al., 2000; Hagwa., 2006; Sorooshian et al., 1993).
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Regardless, under changing climate conditions,rate@stimates and measurements of
evapotranspiration will become increasingly impotta

The use of the KS — Test (and other goodness t&dis) when testing hydrologic
frequency distributions has, at times, been disugen since the probability of accepting
the null hypothesis when it is false is relativieigh (Haan, 2002). This is more true
when testing small samples of data and indicatitbeconservative and insensitive
nature of the KS — Test. As such, the rejectiothefnull hypothesis in this study can be
reported with high confidence since the null hygsik was rarely rejected and sample
sizes of data were consistently over 1000 projastiolrable 14 summarizes the results of

the KS — Test applied to streamflow distributiomshis study.

Table 14: Summary of results of the KS — Test pesfmed in this study. Shaded boxes indicate
significantly different distributions from the cali bration period. Unshaded boxes indicate reflect ro
enough evidence to make a determination.

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

Scenario AlB | A2 Bl |AlIB| A2 | Bl | Al1B| A2 Bl
1976 - 2005
2010 - 2039
2040 - 2069
2070 - 2099

Under the definition of stationarity presented iiiljvet al. (2008), lower latitude
Colorado River Basin headwaters (i.e. the GunngawhSan Juan River Basins)
investigated in this study will exhibit nonstatiopaharacteristics with changing climate
conditions. This is important to water resourcenaggers, particularly in Reclamation,
where past observations of streamflow are assumbe tepresentative of future

conditions. Future study may investigate the pres®n nonstationarity at the seasonal
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scale to determine potential shifts in the timing aagnitude of streamflow runoff
under changing climate conditions.

Chapter 6 applies streamflow projections develapedis study over the San Juan
River Basin to a Reclamation planning model in &@napt to examine climate change

impacts to Reclamation reservoir operations.
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CHAPTER 6
APPLICATION OF STREAMFLOW PROJECTIONS UNDER CHANGON
CLIMATE CONDITIONS TO RECLAMATION'S
PLANNING MODEL OVER THE
SAN JUAN RIVER BASIN
6.1 Introduction

The San Juan River Basin spans over the Four Goanea of the United States, and
inhabits regions of Colorado, Utah, Arizona, anavNidexico (Figure 48) within the
Upper Colorado River Basin. Reclamation operdtes\avajo and Vallecito Dams and
Reservoirs within the basin to regulate flow frdme San Juan, Animas, and La Plata
Rivers, as well as other tributaries to the ColorRiver. The projected operations of
Navajo and Vallecito are included in Reclamatiomidely used and circulated monthly
projection of reservoir operations.

In this chapter, streamflow projections deriveatlgh the use of temporally
disaggregated and BCSD climate data are usedde #éoReclamation planning model.
By forcing a Reclamation planning model with projecs of streamflow under changing
climate conditions, the impact of climate changdReclamation operations may be
assessed through analysis of Reclamation’s prajexierations of Navajo Dam and
Reclamation’s ability to meet the flow recommenolasi established by the San Juan
River Basin Recovery Implementation Program (SJRBRIThis study represents the
first attempt by Reclamation to incorporate climette@nge information into a planning

model over the San Juan River Basin.
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Figure 48 San Juan River Basin

6.1.1 24 Month Study for the Entire Colorado RiBaisir

As described ira previous chapt, theSecretary of the Interior implementthe
Interim GuidelinegU.S. Department of the Interior, Bureau of Reclaam Upper anc
Lower Colorado Regions, 20(, which fully defined the operational rangf Lake
Powell and Lake Mead and defined coordinated ojerdietween the two reservoi
particularly in times of shortageSpecification of the @ordination of operations betwe
the two reservoirs is dependent uponforecasted inflow and resultingrojections of
reservoir storages and elevations. Those projectoe currently done usi
Reclamation’s miderm, deterministic model, commonly referred tdBHse 24-Month
Study.” As the name implies, the-Month Study is a projection of monthly ojations
of Colorado River system reservoirs over a two yeaiod. The 2-Month study is
driven by unregulated inflow forecasts providedRieclamation by the CBRF and is

updated each monthThe Interim Guidelines describe two time period&hich the
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annual operation of Glen Canyon Dam and Hoover Qhendams which create Lake
Powell and Lake Mead, respectively) are explidaithfined and possibly subject to
adjustment.

The first is during the process of developing Reeton’s Annual Operating Plan
(AOP). The AOP is a summary of the past year'sdiggy and dam operations in the
Upper and Lower Colorado River Basins and a prigjecif the upcoming year’s
hydrology and dam operations. The plan is develdyyeReclamation in cooperation
with Colorado River water stakeholders. Reclanmagistablishes the operational tier and
associated annual release for the upcoming yeer fiake Powell and Lake Mead based
on the results of the 24-Month Study published ugiést and as prescribed in the Interim
Guidelines and reports these results in the AOBpedding on the characteristics of the
operational tier, the operations of Glen Canyon Daay be adjusted based on the results
of the April 24-Month Study.

For instance, in August 2008, results of Reclamégi@4-Month study projected
operation at Glen Canyon Dam to be consistent 8&tttion 6.B of the Interim
Guidelines; that is, Glen Canyon Dam would reléa®8 MAF of water, but would be
subject to a possible adjustment in the April 28@89Month Study, resulting in increased
releases. Based on projections of Colorado RiesirBhydrology, the August 2008 24-
Month study projected such an April adjustment wiaadcur and would result in a water
year 2009 release from Glen Canyon Dam of appraeiyn8.394 MAF. As a result of
this increased release from Glen Canyon Dam, tiiaciwater elevation of Lake Mead

was projected to be 1105.00 feet at the end ofrwata 2009.
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Forecasts of unregulated inflow into the Upper Gado River Basin provided by the
CBRFC steadily decreased due to drier than expecteditions and decreased snowpack
throughout the basin; despite this, subsequenthhounpdates of the 24-Month Study by
Reclamation continued to project that the results® April 2009 24-Month Study
would result in an increase to the release froom@anyon Dam. However, In April
2009, continued dry conditions and a subsequemedsed unregulated inflow forecast
resulted in no April adjustment occurring at Gleem@on Dam. As a result, pursuant to
the Interim Guidelines, Glen Canyon Dam releas2d BIAF of water for water year
2009 and the surface water elevation of Lake Meald@ water year 2009 at 1093.68
feet. This decline in water surface elevation ltesiin operational and financial
hardship to concessionaires and recreationalistaka Mead and highlighted uncertainty
within Reclamation’s mid-term deterministic model.

6.1.2 San Juan River Basin Operations and Daibidisn Model

Upper Basin reservoirs, such as the Navajo Reseeve operated independently of
operations at Lake Powell and Glen Canyon Damgtheservoirs are operated to meet
water delivery and environmental flow requiremeritsconsideration of changing
climate conditions, traditional assumptions by Rewition and the CBRFC may be
subject to increased uncertainty.

The San Juan River Basin is operated in accordaiticehe preferred alternative to
the extent possible described in Reclamation’d Bnaironmental impact statement on
the operation of Navajo Reservoir, Colorado Rivier&e Project, San Juan River, New
Mexico, Colorado, and Utah (U.S. Department oflttierior, Bureau of Reclamation,

Upper Colorado Region, 2006). These operationghagreement with flow

156

www.manaraa.com



recommendations made by the SJRBRIP. The SJRBRIRaoperative effort between
Reclamation, FWS, Bureau of Indian Affairs, BuredlL.and Management, Southern
Ute Indian Tribe, Ute Mountain Ute Tribe, Navajoti¥a, Jicarilla Apache Nation, river
stakeholders, and the states of Colorado and Nexicel€U.S. Department of the
Interior, Bureau of Reclamation, Upper Colorado iBeg2006; U.S. Fish and Wildlife
Service, 2006). The goals of the SIRBRIP is togotdribal water interests and water
use and development in the area while also maintpimater releases to recover two
endangered fish, the Colorado pikeminnow and raadrisucker, and their habitat in
accordance with flow recommendations on the San Rixer and the Endangered
Species Act (San Juan River Basin Recovery Impléstien Program Biology
Committee, 1999). Streamflow is monitored at thefluence of the San Juan River and
Animas River near Farmington, New Mexico.

The preferred alternative implemented by Reclamasalso considered the
environmentally preferred alternative. This alsgive most closely imitates a natural
hydrograph and constrains the release from the jN&@servoir between 250 and 5,000
cfs. The natural hydrograph was derived using gag@surements of streamflow over a
65-year period of record (1929 — 1993) in the SamXRiver Basin. Flow
recommendations established by the SJIRBRIP axenet while also protecting the
purposes of the Colorado River Storage ProjeciafAdtIndian trust assets. The flow
recommendations are summarized in Table 15 (U.Baiment of the Interior, Bureau

of Reclamation, Upper Colorado Region, 2006; Uish Bnd Wildlife Service, 2006).
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Table 15: Summary of San Juan Flow Recommendationg-low duration is between March 1st and

July 31st.
Category Duration Frequency Purpose
Provide significant out-of-
Needs to occur in 20% af bank flow, generate new
cobble sources, change
1. Flows > At least 5 the years on average, channel moroholo
10,000 cfs days with a maximum interva . orp 9y,
provide nutrient loading,
of 11 years ;
increase channel
complexity and diversity
. Maintain channel cross-
0
Needs to occur in 33% of section, move and build
2. Flows > | Atleast 10 the years on average, ,
8,000 cfs days with @ maximum interva COb.b le bars for fish :
’ spawning, provide habitat
of 7 years .
for larval fish
Needs to occur in 50% af Clean backwater areas,
3.Flows > | Atleast21| the years on average,| maintain low flow velocity
5,000 cfs days with a maximum interval habitats, maximize nursery
of 5 years habitats
Needs to occur in 80% af Move cobble into higher
4. Flows > | Atleast 10| the years on average,| gradient areas on spawning
2,500 cfs days with a maximum interva bars, clean cobble for
of 3 years spawning areas
Category Timing Variability Purpose
TrIrTJIthboef d\év';hg; t5he Standard deviation of | Maintain similar ascending
o s O date of peak to be 12to0 and descending natural
similar to historical . .
historical mean date 25 days from the mean| hydrograph limbs which are
conditions | of May 31 date of May 31 important for fish spawning
Category Level Purpose
500 cfs from
Mean weekly| Farmington to Lake Low, stable base flows enhance nursery
target base | Powell; minimum | conditions. Flows between 500 and 1,000 cfs
flow of 250 cfs from optimize backwater habitats
Navajo Dam
Category Control Purpose
Release as a spike, Periodic high magnitude, short duration (spike)
and do not release ) : : :
Flood control| _ . flows improve low-velocity habitats by flushing
prior to September ; : :
release sediment and discouraging the presence of ron-
1st unless native species
necessary P
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The maximum interval is defined as the maximum amotitime between category
flow events to remain in compliance with the floecommendations. For instance,
category 1 in Table 15 describes a flow event ¢éadt 10,000 cfs for at least 5
consecutive days between Marchahd July 3%, The maximum amount of time that
may lapse before the next flow event, the maximoterval, is 11 years to remain in
compliance with the flow recommendations.

Construction of Navajo Dam began with the signihthe 1956 Colorado River
Storage Project Act, which authorized a numberrojagts to allow for the development
of water resources within the Upper Colorado RBasin. Construction of Navajo Dam
was completed in 1963 and has a maximum conteagppmioximately 1.7 MAF,
supporting a number of water development projectdaw Mexico and Colorado. The
Navajo Indian Irrigation Project diverts water frdihe reservoir at an intake elevation of
5,990 feet when storage is approximately 0.662 MBiring the winter, the reservoir
can be lowered to 5,985 feet with approximately26.MAF in storage as long as the
reservoir recovers prior the beginning of the atign season (U.S. Department of the
Interior, Bureau of Reclamation, Upper Colorado iBeg2006). Like other Colorado
River Storage Project Act projects, Navajo Dam poas hydroelectric power through a
plant owned and operated by the city of Farmingitew Mexico. Reclamation operates
Navajo Dam to meet the flow recommendations oudlineTable 15. Water resource
development planning and Reclamation’s abilitydoply with section 7 of the
Endangered Species Act (ESA) within the San Jusarfasin and subsequent impacts

to the SJRBRIP flow recommendations is evaluat@tgusultiple hydrologic models,
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one of them being the San Juan Daily Decision M¢8&DDM). From the SJRBRIP
(2006):

The [SIDDM] is used to support [SJRBRIP] goalsdoaver populations of the
endangered razorback sucker and Colorado pikeminndive San Juan River while
proceeding with water development in the Basine fiodel is used in ESA section 7
consultations to determine the level of impaany, of a proposed water
development or water management action on Reclamatability to operate Navajo
Dam to meet the [SIJRBRIP’s] flow recommendationghi® San Juan River below
Farmington, or a reasonable alternative. Modeluis are not the sole criteria used
to determine the level of a proposed water progeictipact, and model assumptions
and model uncertainty are considered when intempgetesults. The model was used
to evaluate and develop the current flow recommeois, and will be used in
developing future revisions to the flow recommeiodat In addition, the model will
be used to develop and evaluate revisions to teologic baseline.

6.2 Hydrologic Model

To aid in the planning of water development prgetd their impact to
Reclamation’s ability to meet flow recommendationthe San Juan River Basin,
Reclamation utilizes a hydrologic model createdimithe RiverWare framework
(Zagona et al., 2001) referred to as the San Jadg Decision Model (SJIDDM). Figure
49 illustrates the SIDDM within the RiverWare framoek which is operated at a daily
timestep. RiverWare is a versatile object-basettdiggic model that allows for rule-
based simulation. Being a rule-based model, tleeation of reservoirs and flow
recommendation goals and requirements can be io@igal into the model in the form

of prioritized logic. The SIDDM has been developdth rules to operate the Navajo

Reservoir to meet the flow recommendations develdyyethe SJRBRIP.
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Figure 49: The SJIDDM within the RiverWare framework
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The SJDDM is just one planning model in a seriemodlels and forecasts utilized by

Reclamation to evaluate how efficiently flow recoemdations may be met under

historical hydrologic scenarios. Prior to the mmgnof the SJDDM, unregulated

(naturalized) flows within the San Juan River Bawi@ computed using the state of

Colorado’s Water Resource Model, commonly refetoeals StateMod (Bennett, 2000).

From this model, Colorado’s monthly baseline watgply is computed. A subsequent

model takes monthly unregulated flow from the S¢ktd model and computes daily

regulated flow that can be input into the SIDDMhe oal of the SIDDM is to optimize

flushing releases to avoid unnecessary releaséstisacwater can be used to meet future

flow recommendations, meet baseflow requirementsridangered fish and their habitat,
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and conserve water for future water developmerjept®while staying compliant with
the ESA and SJRBRIP flow recommendations.

Being a regulated flow model, the SIDDM implicitikes into account reservoir
operations upstream of Navajo Reservoir in addittodiversions and return flows within
the San Juan River Basin. Upstream reservoir tipesaand diversions are not explicitly
simulated. As such, unregulated streamflow pra@astcan not be directly input into this
model; regulated streamflow is required as input.

For this study, the SJDDM was run at a daily tirepsiver water years 1976 through
water year 2069 using information from unregulagdamflow projections derived
through temporally disaggregated BCSD climate datas is discussed in further detail

in Section 5.3.

6.3 Data

6.3.1 Consumptive Use Within the San Juan RiveirBa

The SJDDM is a regulated flow model which impligithkes into account diversion
requests from water users within the San Juan Rigein as well as return flows to the
San Juan River Basin system. As such, projectbfigure consumptive use within the
San Juan River Basin had to be derived. The Upptrado River Commission
recently issued a hydrologic determination in whachestimate of water use in the Upper
Colorado River Basin was defined through 2060 (U@@orado River Commission,
2007). Projected use in the Upper Colorado RiasiBis a departure from observed
consumptive use in the Upper Colorado River Basahia representative of projected

development of water resources and projects oeeupiper basin (Figure 50). Current
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use in the basin is more dependent on both socinescic factors and hydrology,

compared with projected use.

6 Consumptive Use Within the Upper Colorado River Basin
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Figure 50: Upper Colorado River Basin Historical aad Consumptive Use

Projected future water use in the San Juan RiveinBeas estimated by first
computing a daily average for each day over thenckdr year over the calibration period
spanning 1976 through 2005. A ratio of projectedusl consumptive use to average
historical consumptive annual use over the calitaingteriod was defined for each year
from 2008 through 2069. Projected daily consungptise was then calculated by
adjusting the daily average consumptive use attecpkar diversion within the SJDDM
by multiplying this daily average by the projectethual consumptive use to average
annual consumptive use ratio previously derivetis Thay be expressed as:

CU, =CU* PY
AAU

(24)
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where CU- is the daily projected consumptive use at time$tapthat diversion point,

CU is the long — term average consumptive use atTimeer the calibration period

(1976 — 2005),PU; is the projected annual use at tifyeand AAU is the long term
average annual consumptive use for that diversoamt pver the calibration period.

Annual consumptive use for the years 2061 throwifi92vas linearly increased by
the average annual increase over the projecteddyepproximately 9,000 acre-feet per
year. Itis important to note that this study dat assume changes to consumptive use
within the San Juan River Basin due to climate geaor other socio-economic impacts
(i.e., changing water use due to changing demograpteconomic conditions within a
region).

6.3.2 Projected Inflow Conditions

Projections of unregulated inflow under changingate conditions over the San
Juan River Basin were incorporated into Reclamai8dADDM. As stated in section 6.2,
projected unregulated inflow can not be directlyoirporated into the SIDDM. As a
result, a methodology was developed to incorpardtemation from these climate
change projections into the SIDDM.

Within the SJDDM, there are 17 objects (or nodesyhich streamflow can be input
into the model. For each of these objects, uneggdlstreamflow projections were
identified which correspond approximately to thggbal location of each node within
the San Juan River Basin. At each of these noagsgtions of daily streamflow were
made over the period from 2008 to 2069. This frereod was selected to be consistent
with thirty year periods presented in previous ¢eegpand due to constraints of projected

consumptive use over the Upper Colorado River Basin
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Projected streamflow at each inflow object withie SJIDDM was estimated by first
computing a daily average of historic streamfloveath object for each day over the
calendar year over the calibration period spanaBigs through 2005. A ratio of
projected annual streamflow to average annual giegestreamflow over the calibration
period was defined for each object and each year #008 through 2069 for each of the
112 climate scenarios. Projected daily regulatezhmflow was then calculated for each
inflow node in the SJIDDM by multiplying the nodelaily average by the projected
annual streamflow to average annual projectedrsftea ratio previously derived. This

may be expressed as:

QP :6* Jn

Ga (25)
q

where Q, is the daily projected streamflow at tifeeQ is the average regulated daily

streamflow,q, is the annual projected unregulated streamfloyeatA corresponding

with time P for a particular emissions scenario, arid the average annual streamflow

projection over the calibration period for a part&r emissions scenario. Through this
process, annual consumptive use data in the Uppleratlo River Basin is effectively
temporally and spatially disaggregated.

Initial conditions of reservoir storage within tireodel were set to observed
conditions at the end of the day on September 315.1 Default initial model parameter
conditions relating to initial groundwater storaggmditions and coefficients, return flow

rates, and routing coefficients were retained.
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6.4 Results
The SJDDM was initially run using historical initi@servoir conditions and
historical consumptive use values from water y&ai6lthrough 2005. This was done for
two reasons:
1. Model results over 1976 through 2005 could be coetgpto historical
observations over the same time period.
2. Initial conditions within in the model needed todmveloped before
projecting the model further into the future untter 112 streamflow
scenarios.

The SIDDM was then subsequently run using 200%efed initial conditions from
water year 2006 through 2069 using information ftbm 112 streamflow projections
derived using temporally disaggregated, BCSD clnui#ta as described in Chapter 5. In
this study, reservoir and flow characteristics@mpared over three periods within the
San Juan River Basin. The first period is a sihgldrologic trace that spans water year
1976 through 2005 and is modeled using initial dimas and historical consumptive use
values within the San Juan River Basin. The sepenidd spans water year 2010
through 2039 and uses streamflow information owat time period from 112 hydrologic
traces. The third period spans water year 20206® and uses streamflow information
over that time period using those same 112 hydiokogces utilized in the previous time
period.

6.4.1 Navajo Reservoir Operations

Figure 51 illustrates Navajo Reservoir as modelethb SIDDM over water years

1976 through 2005 and observed storage at thevmsett should be noted that the flow
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recommendations by the SJRBRIP were not implemamigtd1992, so releases prior to
then are not indicative of Reclamation operationesponse to the SJIRBRIP. Average
observed and modeled storage within the NavajorR@se&luring this time period is
approximately 1.3 MAF, though the timing of envinoental releases is different. The
minimum end of month pool elevation over this rargg8974.57 feet in October of 2004,
which is below the minimum operating level for thavajo Indian Irrigation Project
(5990 feet), but outside of the growing seasone laximum end of month pool
elevation is 6085.22 feet in April of 2004. Meaonthly inflow into the Navajo
Reservoir is approximately 79 KAF. Over the 197®tgh 2005 period, the Navajo
pool elevation was below the minimum Navajo Indiaigation Project operating
elevation from July 8, 2004 through April 4, 200%ldrom September 5, 2005 through
October 31, 2005. The Navajo Reservoir poolatien is below 5990 feet
approximately 3% of the time over the 30-year mbrar an average of 3% per year. In
2005, Navajo Reservoir pool elevation was belonw05@@t approximately 58% of the
time.

It is important to note that while seasonal anduahmariations in hydrology and
reservoir operations are important to Reclamatios focus of this study is on long-term
planning and operational impacts. It is acknowétithat month to month and annual
variability in Reclamation operations is not rer@ed consistently within the SJDDM,;
however, as mentioned previously, the long-terrtohisal and modeled operations at
Navajo Dam are equal. Furthermore, long term sendtorage, release, and flow

within the San Juan River Basin are captured irStheDM. Additional study and
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improvement to the SJIDDM may better capture sedsmibannual operations within the

San Juan River Basin in the future.
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Figure 51: Navajo Reservoir observed and modeledhd of month storage from water 1976 through
2005. The long term average storage of both moddland historical storage is approximately 1.3
MAF.

The SIDDM operates the Navajo Reservoir to meet fllcommendations as
described by the SJRBRIP. The SJDDM was run usfiogmation from 112 streamflow
projections derived using projections of futurenaie conditions from water year 2010
through 2039 (Figure 52). The average Navajo Resgestorage over this period is
approximately 1.4 MAF. Over the 30 year perio@ 10-year average water year storage

decreases approximately 2.8 KAF per year.
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Navajo Reservoir Storage 2010 - 2039
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Figure 52: Projection of Navajo Reservoir Storagérom water year 2010 through 2039. The red line
illustrates the average of the 112 reservoir storagprojections at any given time. The purple line
illustrates the moving 10-year average reservoir stage projection at any given time.

On average, the pool elevation at Navajo Reseis@bove 5990 feet 97% of the
time.

Decreases in average Navajo Reservoir storage@eestark as consumptive use is
increased to meet projected Upper Colorado RiveirBarojections (Figure 53).
Average Navajo Reservoir storage is 1.1 MAF. Qkier30 year period, the 10-year

average water year storage decreases approximiade§AF per year. Decreased water
in the reservoir limits Reclamation flexibility tperate Navajo Dam to meet

consumptive use requirements and flow recommenaatio
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Navajo Reservoir Storage 2040 - 2069
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Figure 53: Projection of Navajo Reservoir Storagérom water year 2040 through 2069. The red line
illustrates the average of the 112 reservoir storagprojections at any given time. The purple line
illustrates the moving 10-year average reservoir stage projection at any given time.

Reflective of the increase in consumptive use tiinout the basin, the pool elevation
at Navajo Reservoir is above 5990 feet approxim&@? of the time during the 2040 to
2069 time period. This potentially may impact @iems of the Navajo Indian Irrigation
Project. These results indicate that consumpthee combined with potential impacts
due to climate change, may adversely impact Redlana ability to meet both flow
recommendations and water delivery requiremenisieitly.

6.4.2 Performance of Flow Recommendations at #mJ8an River and Animas River

Confluence Near Farmington, NM

The San Juan River flow recommendations are madtat the confluence of the
San Juan and Animas Rivers near Farmington, Newdddgonfluence). Analysis of

flows at the confluence is performed over the same period as analysis of the Navajo
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Reservoir (Section 6.4.1). Figure 54 illustratemthly flow volumes spanning the 1976
through 2005 water year at the confluence. Averagethly projected streamflow at the
confluence is approximately 92 KAF. It is interegtto note high flow months that are
typically representative of high flows releasedrteet flow recommendations for
endangered fish. It is also important to notenti@mum baseflow of approximately 500

cfs (approximately 30,000 acre-feet monthly).

Confluence Streamflow Water Year 1976 - 2005
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Figure 54: Monthly streamflow at the confluence othe San Juan and Animas Rivers.

Each year was analyzed for its ability to meetehemerated flow recommendations
in Table 15. The occurrence of a particular fl@eammendation within the 30 year
period, along with the maximum interval betweeragipular flow recommendation. A

summary of these results is presented in Table 16.
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Table 16: Summary of modeled ability to meet flowecommendations over the water years 1976 -
2005. Maximum Interval is the time between flow reommendation events, Occurrence is the

number of years a particular flow recommedation coid be met.

Flow Recommendation| Occurrence Maximum Interval
1 8 8
2 10 8
3 14 6
4 26 1

Nearly all the water years over the 30 year pehiexe a flow regime able to meet the

2500 cfs for 10 days requirement during spring fu¢imow recommendation #4, Table

15). The only recommendation frequency that isfuibt met is requiring 5000 cfs for at

least 21 days for 50% of the years (flow recommgadat3, Table 15); in this model, it

is met 47% of the time. The maximum interval fomfs of 8000 cfs and 5000 cfs were

also each exceeded by one year. Streamflow abififience of the Animas and the San

Juan Rivers was modeled over water years 2010ghr@039 (Figure 55).
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Figure 55: Monthly streamflow projections at the onfluence of the San Juan and Animas Rivers.

172

www.manaraa.com



Seasonal peaks are retained throughout the floesseespite increasing
consumptive use and decreasing streamflow witherbtsin. Increased releases from the
Navajo Reservoir due to higher consumptive useritiute to high flows at the
confluence. However, over the projected 30 yedaogeaverage streamflow is
approximately 100 KAF; slightly above that modeter the 1976 — 2005 period. This
may be due to increased return flows to the San Riger due to increased water
demand.

Table 17 summarizes the average ability to meet fecommendations within the
San Juan River Basin. Overall characteristichiefmodel’s ability to meet the flow
recommendations over the 2010 through 2039 permdlaghtly increased when
compared with the 1976 through 2005 period. Thidue to the fact that Navajo
Reservoir releases more water to meet water dgloemands during the spring months,
and thus, higher flows are observed. While thétglto better meet flow
recommendations may appear slightly improved, ttseless total storage in the Navajo

Reservoir during the 2010 through 2039 period.

Table 17: Summary of modeled ability to meet flowecommendations over the water years 2010 -
2039. Maximum Interval is the time between flow reommendation events, Occurrence is the
number of years a particular flow recommedation coid be met.

Flow Recommendation| Occurrence Maximum Interval
1 12.9 6.7
2 15.6 5.5
3 16.1 4.3
4 26.4 1.9

Figure 56 illustrates projected streamflow at tbefltience over the 2040 through
2069 time period. Like the previous 30-year pertbdre are occasional high flows in

excess of those observed over the 1976 through 2@@®led period. Unlike the
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previous multi-decadal period, average monthlyastritow at the confluence of the
Animas and San Juan Rivers is slightly lower theat simulated in the 1976 through

2005 period, approximately 90 KAF.
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Figure 56: Monthly streamflow projections at the onfluence of the San Juan and Animas Rivers.

Table 18 summarizes the average ability to meet fecommendations within the
San Juan River Basin. Overall characteristichiefmodel’s ability to meet the flow
recommendations decreased in efficiency from tinoseeled over the 1976 — 2005
period. In all cases, the average maximum intencabased between flow events, and
the occurrence of events decreased in all cades.tofal number of flow events
decreased on average over the 2040 — 2069 penddha maximum interval between

events increased.
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Table 18: Summary of modeled ability to meet flowecommendations over the water years 2040 -
2069. Maximum Interval is the time between flow reommendation events, Occurrence is the

number of years a particular flow recommedation coid be met.

Flow Recommendation| Occurrence Maximum Interval
1 7.9 12.4
2 9.4 11.8
3 10.7 9.7
4 22.6 2.7

6.4.3 Distribution of Navajo Reservoir Storage

The cumulative distribution of storage within Nawv&eservoir over the water years

1976 through 2005, 2010 through 2039, and 204@Yir@069 are compared (Figure

57). The storage values spanning water year 18¢6gh 2005 are derived using

historically modeled consumptive use and streamftothe San Juan River Basin.

Storage values spanning water year 2010 throug8 a@6derived using projections of

consumptive use and streamflow that has been adjusing information from

streamflow projections developed using temporakaggregated, BCSD climate data.

In the SIDDM, storage within Navajo Reservoir iedily influenced by inflow,

predominantly unregulated, into the San Juan RBasin.
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Navajo Reservoir Storage
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Figure 57: Navajo Reservoir storage output from te SIDDM. The red line illustrates the cumulative
probability distribution of monthly reservoir stora ges derived using historical consumptive use and
streamflow conditions within the San Juan River Bai. The green and blue lines represent the
cumulative probability distribution of monthly reservoir storage derived using information from
projected streamflow under changing climate conditotns and projected consumptive use within the
San Juan River Basin.

The KS — Test was used to compare each of the teyeqbed cumulative probability
distributions of reservoir storage with historigathodeled projections of storage within
Navajo Reservoir. For the projected period span@0i0 — 2039, the projection exhibits
a test statistic greater than the critical valuemnvbompared to the historical projection
such that the null hypothesis could be rejectelde Jame result was found when
comparing the projected period spanning 2040 — 20@3e historical period. This
indicates that the model results from the futuggmtions are statistically significantly

different than those from the modeled historicbl&dl9 summarizes these results.
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Table 19: Results of the KS - Test over the Navajstorage results from the SJDDM.

Critical or
Test Statistic p-Value Null Hypothesis

Navajo Storage

Projections 0.080 0.022 Rejected

2010 - 2039
Navajo Storage

Projections 0.349 ~0.00 Rejected

2010 - 2039

6.4.4 Distribution of Streamflow at the Confluence

The cumulative distribution of streamflow at thenftoence over the water years

1976 through 2005, 2010 through 2039, and 204@gir@069 are compared (Figure

58). The streamflow values are derived using idahinethodology as Navajo Reservoir

storage values for respective time periods. Howendghe SIDDM, streamflow at the

confluence is regulated within the model to meeisconptive use demands and flow

recommendations. Streamflow at the confluenceaerdirectly influenced by

consumptive use within the San Juan River Basimage, if available, within Navajo

Reservoir is released to meet these demands regsaual inflow into the reservoir

system.
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Flow at the Confluence

o
> 00
=0
O
3
o 9.
ro
{
= <
8o
% History
N
Do 2010 - 2039
2040 - 2069
O |
O T T T T T I
0.0 0.2 0.4 0.6 0.8 1.0
Streamflow (MAF)

Figure 58: Flow at the confluence output from theSJDDM. The red line illustrates the cumulative
probability distribution of streamflow derived usin g historical consumptive use and streamflow
conditions within the San Juan River Basin. The ggen and blue lines represent the cumulative
probability distribution of monthly streamflow deri ved using information from projected streamflow
under changing climate conditions and projected casumptive use within the San Juan River Basin.

The KS — Test was used to compare projected disitoiiis of streamflow at the
confluence with historically modeled projectionsstieamflow at the confluence. For
the projected period spanning 2010 — 2039, theeption exhibits a test statistic greater
than the critical value when compared to the hisabprojection such that the null
hypothesis could be rejected. The same resulfouesl when comparing the projected
period spanning 2040 — 2069 to the historical geragain indicating a statistically
significant distribution from the modeled histooiatput. Table 20 summarizes these

results.
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Table 20: Results of the KS - Test over the stredlow at the confluence results from the SIDDM.

Critical or
Test Statistic p-Value Null Hypothesis
Confluence
Flow 2010 - 0.328 ~0.00 Rejected
2039
Confluence
Flow 2010 - 0.200 ~0.00 Rejected
2039

Despite flow at the confluence being regulatedhathodel, there exists more
frequent peak flows, with larger magnitudes, iufatmodel projections than those
historically modeled. These results may be magpeasentative of significant changes in

the consumptive use of water within the basin tlater supply.

6.5 Discussion

In this study, information from streamflow projexts derived using projections of
future climate was incorporated into a Reclamagilamning model, namely, the SJDDM.
This study also proposed a methodology by whickeptmns of unregulated flow may
be incorporated into a regulated flow model. Basmethe multidecadal projections
studied here, it is apparent that consideratidnitoie unregulated streamflow
projections enables water resource managers taacta hydrologic variability, but
does not take into account socio-economic varighaind large potential impacts to
watershed hydrology.

This study assumed consumptive use within the 8an River Basin will increase
coincident with projections of consumptive use aberUpper Colorado River Basin.
Considering the current recession of the U.S. etyndevelopment of water resources

in the Upper Colorado River Basin has lagged bepmgkections. Simulated increased
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consumptive use over the San Juan River Basinteglsml increased demand from
Navajo Reservoir and subsequent diversion andrréiows within the basin. As a
result, modeled future streamflow at the confluesictie Animas and San Juan Rivers
may have been augmented by return flow. Whiledbissequence may assuage concerns
related to the future ability to meet the flow resuendations set forth by the SJRBRIP,
it does not address water quality issues that mag with increased return flow to the
river. In future study, it would be beneficialegamine consumptive use from a more
probabilistic, rather than deterministic, vanta@espite this limitation, this study
successfully incorporated climate change infornmaiido a Reclamation planning
model; the first such attempt within the ColoradedR Basin. Future work will attempt
to reconcile differences in streamflow projectitve$ween Reclamation planning models
such as the Colorado River Simulation System (CRS®)lar hydrologic studies have
focused on the reconciliation of streamflow pramas from hydrologic models (e.g.,
Hoerling et al., 2009).

In fulfilling water delivery requirements and flawcommendations, a number of
considerations must be taken into account, anditizied. As such, the SJDDM may
evolve into an operational model from which dailgMdjo Reservoir operations may be
determined with increased accuracy and benefihdaegered species in the area. Future
Reclamation efforts will continue to incorporatem@te change information into both
operational and planning models. Regardless ofetr@dblution, it is clear that proactive
conservation efforts, transparent river managenagmt,continued incorporation of the
best science available are essential to managn@Galorado River and its tributaries

effectively and efficiently.
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CHAPTER 7
CONCLUSIONS, CONTRIBUTIONS, AND FUTURE DIRECTION
7.1 Conclusions and Contributions

The research presented in this study contributésetdiscipline of hydrology and
water resources, the science of climate changeadvahces the goals of Reclamation,
particularly in the Colorado River Basin. In tBisidy, climate change impacts over the
Colorado River Basin were addressed through thesiyation of the changing nature of
precipitation and hydrologic intensification andahtihose impacts may affect future
Colorado River Basin streamflow and reservoir managnt within the basin. Future
impacts of climate change to the Colorado RiveiiBagre then investigated using
temporally disaggregated, BCSD projections of fttlimate (i.e., temperature and
precipitation) conditions. Temporally disaggregat®CSD climate data were used to
derive unregulated streamflow projections at tlimegdwater basins within the Upper
Colorado River Basin: the Gunnison River Basie,@reen River Basin, and the San
Juan River Basin. This research also represemgRation’s first effort to incorporate
climate change information from GCMs into a rivemmagement planning model on the
Colorado River Basin, specifically within the Sarad River Basin.

7.1.1 Chapter 4 Contributions

In Chapter 4, characteristics of precipitation andesponding changes to
streamflow over the Colorado River Basin were itigesed to evaluate potential impacts
of climate change to the hydrology of the Color&ieer Basin. The research presented
in Chapter 4 demonstrated that over the currembgh@f drought within the Colorado

River Basin, the length of the snowpack seasorshadened and corresponds with
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decreased annual streamflow. Due to increasinpgeeature trends, earlier snowmelt has
contributed to changes in the magnitude and tirofmynoff within the Colorado River
Basin. As this period of drought continues in @@orado River Basin, water resource
managers and forecasters should continue to egpeder snowpack seasons and
resultant decreased and earlier runoff in the baliis possible that earlier snowmelt
runoff is more susceptible to infiltration and evegdive losses throughout the basin, as
increasing temperatures may increase both potemtdhbctual evapotranspiration rates.
With continued drought and decreased spring rumatfer resource managers must
continue effective water management policies amdewation practices. While this
study allowed for the general characterizationyafrbclimatic trends over the Colorado
River Basin, the nature of the data (i.e., reldyiwhort period of record) analyzed did not
allow for a more extensive investigation into chaggorecipitation characteristics.
Chapter 3 presented research published in the dicafrilydrometeorology (Miller &
Piechota, 2008) and was a precursor to work predentChapter 4.

Contribution #1 — Chapter 4 related trends in sramkmnd streamflow conditions
throughout the Colorado River Basin. Shorter sramkseasons and decreased
precipitation, particularly in this time of drougliave contributed to decreased
streamflow within the basin.

7.1.2 Chapter 5 Contributions

The goal of Chapter 5 was to derive projectiongroegulated streamflow under
changing climate scenarios over the Gunnison, GeeshSan Juan River headwater
basins. Temporally disaggregated BCSD climate @Watused to force the NWS RFS

developed by the CBRFC over the three ColoradorRigadwater basins for 112

182

www.manaraa.com



projections of future climates based on projectioin®iture greenhouse gas emissions.
Although the NWS RFS model was unable to be cakldry methods used at the
CBRFC, a post-bias correction was applied to addies limitation. Furthermore, the
impact of changing temperature to evapotranspitaates was investigated. It was
observed that adjusting evapotranspiration to dngrigmperature significantly
impacted streamflow projections. Over the GunnRorer Basin, adjusting
evapotranspiration with changing temperature dsectarojected streamflow by as
much as 13% or nearly 300,000 acre-feet. It imaakedged that evapotranspiration
was represented as a linear function of temperdiuiige research may attempt to
develop alternative functions to describe evapspaation demand.

Results of multi-decadal analysis of streamflowjgetions over Colorado River
headwater basins yielded interesting results. Epessing the northern portion of the
Colorado River Basin, the Green River Basin didexdtibit significant change under
climate change conditions and actually showed arease in runoff on average of 3%
over the projected 90 year period. In contragt,Ginnison and San Juan River Basins
exhibited significant negative change in runoffveDthe Gunnison River Basin, average
streamflow decreased approximately 15% over thge80 projection period; the San
Juan River Basin average streamflow decreasedyrizaib.

Contribution #2 — A methodology was developed tmiporate changes to
evapotranspiration rate with changing temperatarelitions over the Colorado River
Basin. Evapotranspiration changes due to climaémge were accounted for in the

derivation of streamflow projections.
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Contribution #3 — The NWS CBRFC RFS was forcedgipirojections of future
climate from temporally disaggregated, BCSD dataenffarge-scale GCMs over
Colorado River headwater basins. These streangtoyections present a range of
streamflows that Reclamation may use to plan ferftiure under changing climate
conditions.

7.1.3 Chapter 6 Contributions

Chapter 6 represented Reclamation’s first effoeply climate change information
from GCMs to a planning model in the Colorado RiBesin. Information from
unregulated streamflow projections were used tivel@egulated streamflow time series
over the San Juan River Basin. These time seees thien used to drive the SJIDDM
through the year 2069. Continued drought and dsarg streamflow within the basin
would impact Reclamation’s efforts to meet wateandeds as efficiently and effectively
as has been done historically. It was observedotiogected streamflow volumes
decreased within the San Juan River Basin. Whepled with the assumption that
consumptive use within the Upper Colorado RiveriBasll increase, the flexibility to
meet environmental releases was impacted. Thesk#géndicate the need for continued
conservation efforts and efficient management efrtber system.

Contribution #4 — This work represents Reclamatidimst effort to incorporate
climate change information from GCMs into a plamnmodel within the Colorado River
Basin.

Contribution #5 — This work provides a “proof-ofrmept” for incorporating climate

change data from multiple sources and models dne€blorado River Basin.
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7.2 Research Utility

The research presented in this dissertation adsaara contributes to the
understanding of hydroclimatic impacts due to ctenzhange over the Colorado River
Basin and is of great utility to the academic, Rewtion, and general water resource
management communities. It is important that neseas it pertains to climate change
and subsequent impacts to people and the envirdnmeaffectually communicated,
transparent, and accessible to a broad range fefgsionals, as well as the general
public. Whereas research in other fields may stiavonly advance scientific theory, or
pertain to a relatively small population, it is iorfant that climate change research
advance the understanding of the entire community.

This study provides a framework from which watesouerce managers and
researchers may incorporate relatively complexgatans of future climate into
hydrologic models to develop streamflow projectiarisch may not have necessarily
been observed in the past. These streamflow piajscprovide for a range of scenarios
from which risk assessment and planning endeavaysh® undertaken.

This research describes a methodology in whiclinfigation of one hydrologic
model, in this case the NWS CBRFC RFS, to accaumthanges to a hydroclimatic
variable (i.e., evapotranspiration) due to climati@nge is overcome through the use of
another hydrologic model (i.e., the VIC model).isTmethodology is relatively flexible,
and may be applied to different hydrologic modeld hydroclimatic variables not
considered here.

With regards to the utility of this research to Retation operations, this research

provides a "proof-of-concept” study which may belega to other subbasins within the
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Colorado River Basin, or, with the cooperation thfes agencies and Colorado River
Basin stakeholders, may be applied over the eGtterado River Basin. Future efforts
by Reclamation will attempt to reconcile streamflprejections derived in this study
with streamflow projections derived in parallel vthe Colorado River Basin Water
Supply and Demand Study. Additionally, this reskdrighlights the need for
Reclamation to continue investigation into futureertainties and risks of meeting

multiple objectives of the reservoir system wittiie Colorado River Basin.

7.3 Future Work and Direction
The fields of hydrology and water resources andsthience of climate change are
constantly evolving as researchers and scientisisnuie to develop new ideas, new
methodologies, and make new observations. Whdedbkearch presented in this study
contributes to the field of hydrological sciences # the goals of Reclamation, it

represents only the beginning of my career study;dissertation is a foundation, not a

culmination, of future efforts to improve the ovéranderstanding of climate change

impacts to the Colorado River Basin. In that vé&imjre study and direction may
include, but is not limited to:

1. As temperature continues to increase as global imgroontinues over the Colorado
River Basin, streamflow characteristics will coninto change, altering future
streamflow conditions from those expected basegasih observations. In Chapters 3
and 4, as well as other studies, evidence is pregdiustrating a change in the
timing and magnitude of basin runoff. It is im@ort to understand in more detail
how streamflow conditions are impacted, particylddring times of drought. For

instance, as land surface cover changes with isetearbanization and
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desertification, infiltration characteristics withihe basin will undoubtedly be
impacted. As drought persists, decreased soiltareisonditions may impede
surface runoff; or, warmer temperatures may cange/gack to melt more quickly
which may increase surface runoff efficiency. &samflow characteristics change,
the susceptibility of runoff to evaporative lossynthange as well. A greater
understanding of climatic impacts to streamflowdmagy, particularly in times of
drought, over the Colorado River Basin would bedfieral.

In Chapter 4, the character of precipitation wagstigated. It would be interesting
to use the NWS RFS developed by the CBRFC oveCtberado River Basin to
examine projections of future snowpack condition€olorado River headwater
basins and corresponding impacts to unregulatedrsfiow projections. In
particular, assumptions within the SAC-SMA and SNQ@Wmodel may need to be
addressed in light changing climate conditionsdigipgic intensification has been
characterized more fully at the global and regiatale. It may be interesting to
investigate localized realizations of hydrologitemsification and possible
relationships with teleconnection indices.

. Evapotranspiration rates as a function of tempegatiere described in Chapter 5.
Evapotranspiration rates were adjusted linearli wamperature; this linear
relationship was invariant with elevation bands andorm across temperature.
Future research may investigate other methods ¥hith evapotranspiration rates
may be estimated from temperature, perhaps indugigional topography.
Information from streamflow projections under cisug climate conditions was

incorporated into a Reclamation planning model a@er 6. The SJDDM was
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selected for this study because it modeled a haadwasin for which streamflow
projections under changing climate conditions weved, had a direct impact to a
reservoir (Navajo Reservoir) published in Reclaoras 24-Month Study, and
offered metrics to compare operational impacts tiwvez in the SJIRBRIP flow
recommendations. Whereas unregulated streamflojeqtions were adjusted to
force this regulated model, it would advantageousse a Reclamation model
explicitly forced with unregulated, or natural .estmflow projections. Efforts by the
Colorado River Basin Study will pursue this using VIC hydrologic model.

5. As climate change is realized on the hydrologyhef€olorado River Basin,
consumptive use of water resources within the bagithange as well. Future
study should investigate the socio-economic imfibices of climate change in the
Colorado River Basin. For example, changing comdiva use patterns may
exacerbate water resource management problemsyoaichin the mitigation of

negative climate change impacts.
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APPENDIX A
DEVELOPMENT OF EVAPOTRANSPIRATION DATA FOR USE INIOMATE
CHANGE ANALYSIS
A.1 Introduction
Due to limitations of some hydrologic models, is@metimes beneficial for water
resource managers to utilize multiple hydrologiaeie to accomplish particular goals or
advance research efforts. In this study the NWS ®RE&s used to develop streamflow
projections under changing climate conditions.e BAC — SMA model within the NWS
RFS accounts for evapotranspiration in one of tagysy
1. Evapotranspiration demand may be set by the usénddlé’ of each month.
That is, the user may set 12 monthly evapotransmiraemand values from
which the SAC — SMA model will linearly interpolatetween to define
evapotranspiration at shorter time scales. Owentbdel run period, these 12
values may not be adjusted. The CBRFC currentyaips the NWS RFS model
in this way.
2. Atime series of evapotranspiration demand maydfi@ed by the user, much like
a precipitation or temperature time series maydjmeld.
The SAC — SMA model, as it is currently implementathin the NWS RFS model, does
not allow for evapotranspiration demand to be @néefas a function of temperature, or
any other hydroclimatic variable.
One of the major contributions of this study isast@mpt to account for climate

change impacts to evapotranspiration and resuftgracts to streamflow within the
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Colorado River Basin. Due to limitations of the SVRFS model, results from the VIC

model, a hydrologic model separate from the NWS ,R¥8e employed in this research.

A.2 Incorporation of information from the VIC mdde

As part of the Colorado River Basin Water Supplg &@mand Study (U.S.
Department of the Interior, Bureau of Reclamaticmwer Colorado Region, 2009),
Reclamation has contracted with AMEC to developramdthe VIC model over the
Upper Colorado River Basin using the temporallaggegated, BCSD climate data also
utilized in this study. For this study, AMEC geatad evapotranspiration rates from the
VIC model as first described in Section 5.3.3 anthore detail in Section XXX. Those
results were then shared with this study and use@vtelop time series of
evapotranspiration demand for input into the NWSRkodel.

A.2.1 Penman-Monteith Equation

As described in Chapter 5, the VIC model computepetranspiration throught he

use of the Penman-Monteith equation. The Penmaméith equation is defined as:

AA+p,C D
E-1 01, (A-1)

A A+7/(1+ %)

where E is evapotranspiration in mm/days the gradient of the saturated vapor

pressure with respect to temperature, A is theggrerailable for partitioning into latent

or sensible heat, D is the vapor pressure defigi$, the aerodynamic resistaneg,is the

surface resistance of land cover, ani the psychrometric constant in k®aand

defined by:
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= E* 1073 (A-Z)
el

v
wherec, is the specific heat of moist air, P is the atnhesjc pressures is the ratio of
the molecular weight of water vapor to that of dity and A is the latent heat of

vaporization of water (Maidment, 1993; Xu et aR93).

A.2.2 Development of Evapotranspiration Rate ca@ie With Respect to Temperature

It is important to note that the VIC model is atdimited model and, for this study,
the resolution is equivalent to the resolutionha& temporally disaggregated, BCSD
climate data (i.e., 1/8degree or approximately 12 km or 7.5 miles). dmparison, the
NWS RFS model is a lumped model over which the SMA model is run over each
elevation band within each catchment area. The NRWS model incorporates separate
and different metrics to define land cover and v&tien characteristics over a catchment
area than the VIC model uses to define land covevagetation characteristics over
each 1/8 degree grid cell. Due to differences betweertwtemodels,
evapotranspiration data is not directly transldtech the VIC model to the NWS RFS
model. As such, an evapotranspiration rate waseteusing the VIC model.

In order to develop an evapotranspiration rateMi@model was run over the 30-
year base period of 1976 — 2005 using the tempuodadbggregated, BCSD data. For

each grid cell, a resultant evapotranspiratione/altil,, was derived.

The VIC model was then run a second time over (hgear base period; however,
both minimum and maximum temperature values weneased by 1 degree Celsius. A
value of 1 degree Celsius was chosen for easeecdng be within a reasonable range of

temperature variation such that the VIC model wawdtloperate outside of the
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calibrated, operational range for which the modes weveloped by AMEC. For each

grid cell, a resultant evapotranspiration valkd,, was derived. The relative change in
evapotranspiration demand due to temperattiie, at each grid cell is then defined as:

(ETl — ETo)
ET,
AT

(A-3)
ET; =
where AT is the change in temperature between the two Vd@ehruns. In this case,

AT is equal to PC, and equation A-3 simplifies to:

ET, = M (A-4)
ET,

For each grid cell, the relative change in evapspaation per degree change in
temperature is derived over the 30 year base p&raghch month; that is, 12 monthly
values expressing the relative change in evapginati®n per degree change in
temperature are derived for each grid cell.

As previously described, there exists a discrepaetyeen the spatial discretization
of the lumped NWS RFS and the distributed VIC mod&s such, the relative change in
evapotranspiration per degree change in temperataseaveraged over each elevation
band within each catchment to derive a singlg, value for each elevation based on the
number of gridded cells within a particular elegatband within each catchment for each
month.

The original evapotranspiration demand within t\WSICBRFC RFS model was
used as a base evapotranspiration value. Fomaacth over the model run (1950 —
2099), an average monthly temperature was deriVéits monthly average temperature

was then compared to the base temperature densgdiee same month over the 30-year
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calibration period (1976 — 2005). The original gv@anspiration value was then
adjusted based on the difference between averagthimeemperature and the base
monthly temperature:

ETt =ET,q + (Tt _Tbase)* E_TR (A-S)

orig
where ET, is the adjusted monthly evapotranspiration densdredgiven timeET, ;. is
the original evapotranspiration demand employethbyCBRFC,T, is the average
temperature over any given month in the derivee theries|l, .. is the 30-year

calibration period average temperature for anyrgiventh, ancET, is the averag&T,
over each elevation band within each catchmeneasad! through use of the VIC
model.

For the purposes of this study, daily evapotraasipin demand was assumed to be
constant and uniform over the course of any giventm A file containing this
information for each elevation band within eaclcbatent is used as input for the NWS

CBRFC RFS.

A.3 Sample Calculation
Derivation of evapotranspiration for a particulasnth was derived using the
methodology described here.

A.3.1 Derivation of Relative Change in Evapotraratmn Demand Due to Temperature

The VIC model was first run by AMEC using base dbads over the Colorado
River Basin developed by AMEC. For the purposethisfappendix, calculation of

evapotranspiration demand under base conditiondeitienoted by the subscript “0.”
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Variables which are functions of air temperaturl stiare this subscript. Using equation

A-1, we define:

1 AgA+p,Cp %
E, == a (A-6)
° 2 r
A, +70(1+ /j
ra
It is important to note that only the gradientlud saturated vapor pressure with respect
to temperatureA) and the psychrometric constamt ), are functions of air temperature.
Other variables are functions of radiation fluxydasurface, wind conditions, or
hydrologic constants. The latent heat of vapoimadf water, 4, is a function of water
surface temperature.

The VIC model was then run by AMEC using base domni; however, both
minimum and maximum air temperature input was iaseel by £C. For the purposes
of this appendix, calculation of evapotranspirati@mand under altered temperature
conditions will be denoted by the subscript “1.’anables which are functions of air

temperature will share this subscript. Again, g®quation A-1, we define:

D
1 Al'A‘—}_paCP %a (A-?)

A A+ 71(1+ %j

Using equation A-3, the relative change in evapspaation demand due to

E =

temperatureET;, is then:

(El B Eo) _
£ (A-8)

ET.=— ©°
R AT
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where AT is the change in temperature between the basal@ndd VIC model runs. In

this case AT is equal to £C. and simplifies to:

ET, = @ (A-9)
EO

It is important to note that minimum and maximumtamperature within the VIC
model could have been increased (or decreased) Agnaunt not equal to°C. This
would have impactedT in equation A-8 such that it would equal a conistdher than 1
°C. By choosing fC, other variables which are not direct functiohaiotemperature
were not impacted significantly within the VIC m&dé&he impact of changing
parameters within the VIC model to evapotransmrativer various regions has been the
subject of recent study (e.g., Hurkmans et al. 826urkmans et al., 2009; Lakshmi &
Wood, 1998; Ziegler et al., 2003).

ET, was derived for each grid cell over the study ai€ar each elevation band

within each catchment area, an average relativegehien evapotranspiration demand due

to temperatureET, , was derived as:

D ETy (A-10)

where n is the number of grid cells within a giveevation band within a given
catchment. For instance, assume an upper elevadiwhwithin a small catchment over

the San Juan River Basin. Three grid cells witeetvalues oET; are within the

catchment. Then by equation A-1BT, for this particular elevation band within this

particular catchment is:
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ETg + ETg, + ETg, (A-11)

ET; = 3

A.3.2 Derivation of Monthly Evapotranspiration Dand Time Series

The NWS RFS model provided by the CBRFC for thislgtrelied on static, monthly
evapotranspiration demand within the SAC-SMA preceBo account for impacts to
evapotranspiration due to climate change, the medslimodified to require daily
evapotranspiration input. For each elevation haiticin each catchment, a static
evapotranspiration demand value is provided foh@aanth; that is, the CBRFC has
derived 12 monthly evapotranspiration demand vaiolesach elevation band within
each catchment. Each of the 12 monthly evapothatgm demand values is constant
over the course of the run, and is not adjustealitiir time or based on other
hydroclimatic input or variables within the NWS RFS

Each of the 12 original static evapotranspiratiemend values within the NWS
CBRFC RFS model were used as a base evapotrar@pwvatue depending on the
month of interest. For each month over the maalel(£950 — 2099), an average monthly
temperature was derived. This monthly average ¢eatpre was then compared to the
base average temperature derived over the samé ot the 30-year calibration
period used for the VIC model. The original evagospiration value was then adjusted
based on the difference between average monthlydeature and the base monthly
temperature:

ETt =ET, + (Tt _Tbase)* E_TR (A-].Z)

orig
where ET, is the adjusted monthly evapotranspiration densdradgiven timeET, ;. is
the original evapotranspiration demand employethbyCBRFC,T, is the average
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temperature over any given month in the derivee teries, and, . is the 30-year

ase

calibration period average temperature for anyrgiventh. ET, is derived for each

month over the entire period of the model run fcheelevation band within each
catchment within the study area.

Daily evapotranspiration demand was assumed tohst@ant and uniform over the
course of any given month. Thus, to derive a daie series for input into the NWS
CBRFC RFS, the value dET, derived from equation A-12 was distributed uniforior
each month. As such, there is no variation ofydarapotranspiration demand within any

given month over a particular elevation band withiparticular catchment in this study.
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