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1.0 Introduction

The Bureau of Reclamation’s (Reclamation) mission involves managing water
and power systems in an economically efficient and environmentally sensitive
manner. Mission requirements often involve conducting planning studies for the
longer term, potentially involving proposed system changes (e.g., changes in
criteria that would govern operations for the long term, changes in physical
system aspects). For these longer-term studies, questions arise on how
consideration of climate change might affect the assessment of benefits and costs
for the various planning alternatives under evaluation. Such questions may lead
to the analytical treatment of climate change implications for the study. However,
such analysis would be predicated on a documented understanding that chosen
analytical methods and usage of climate change information are consistent with
the scientific understanding of climate change and the published scientific and
assessment literature.

This report aims to support longer-term planning processes by providing region-
specific literature syntheses on what already has been studied regarding climate
change implications for Reclamation operations and activities in the 17 Western
States. These narratives are meant for potential use in planning documents (e.g.,
National Environmental Policy Act [NEPA] environmental impact statements,
biological assessments under Federal/State Endangered Species Act [ESA],
general planning feasibility studies). It is envisioned that this report would be a
living document, with literature review and synthesis narratives updated annually
to reflect ongoing research developments.

1.1 Background

Development of this report was motivated by discussion at the February 2008
research scoping workshop convened by the Climate Change and Water Work
Group (C-CAWWG).! The primary purpose of C-CAWWG is to ensure efficient
research and development (R&D) collaborations and sharing of information
across Federal agencies toward understanding and addressing climate change and
water resources impacts in the United States.

! Originally, C-CAWWG had a Western United States focus, stood for Climate Change and
Western Water Group, and consisted of three Federal entities: Reclamation, the U.S. Geological
Survey (USGS), and National Oceanic and Atmospheric Administration (NOAA). Since 2009,
C-CAWWSG interests have broadened to a national view with membership now including the
U.S. Army Corps of Engineers, U.S. Environmental Protection Agency and the Federal
Emergency Management Agency.
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At the February 2008 workshop, water operations and environmental compliance
managers discussed Reclamation’s water resources planning processes, their
perceptions on required capabilities in incorporating climate change information
into such planning processes, and their views on the status of capabilities at that
time. Gaps between required and current capabilities were discussed (later
documented in USGS Circular 1331 [Brekke et al. 2009a]). One such gap was
having region-specific literature syntheses that could be used to provide common
support to the multitude of longer-term planning processes that might be
occurring in a given region at any given time. Motivations for addressing this gap
included ensuring consistent discussion of climate change implications in a given
region’s planning documents and, also, efficient development of these narratives
rather than reinventing the narrative uniquely for each planning process.

Development of this literature synthesis for use in long-term planning processes
was given high priority during a February 2008 C-CAWWG workshop.
Following the workshop, Reclamation’s Research and Development Office
commissioned the Technical Service Center Water Operations and Planning
Support Group to conduct literature reviews and develop a collection of region-
specific literature syntheses to address this capability gap. The first such review
was completed in September 2009 (Reclamation 2009). This document is the
second issue and maintains with the original issue’s synthesis framework. Key
changes in this update include the representation of new literature published since
approximately mid-2008 and also featuring additional synthesis in under-
represented areas or sectors from the 2009 issue, as indicated in the next section.

1.2 About This Document

The scope of this report is to offer a summary of recent literature on the past and
projected effects of climate change on hydrology and water resources (chapter 2)
and then to summarize implications for key resource areas featured in
Reclamation planning processes (chapter 3). In preparing the synthesis, the
literature review considered documents pertaining to general climate change
science; climate change as it relates to hydrology, water resources, and
environmental resources; and application of climate change science in Western
United States and region-specific planning assessments. Most of the documents
reviewed consist of anonymously peer-reviewed scientific literature. Certain
other documents, such as national and regional assessments, were included
because of their comprehensive nature and/or for management-related
perspectives. The effort did not involve conducting any new analyses. The
following list provides a brief overview of document contents.

Chapter 1 provides context for document scope and intent. The synthesis
is meant to tell a representative story covering significant climate change
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literature from the last couple of decades, but it does not provide an
exhaustive citation of all the literature.

Chapters 2 and 3 offer Reclamation region-specific “starting-point” narratives for
including climate change background in planning documents associated with
NEPA and ESA compliance.

Chapter 4 discusses graphical resources in Appendix B that show a central-
tendency of projected climate changes over the each Reclamation region. It is
significant to note that there are many ways to graphically package the projected
climate information—this is only one way.

Chapter 5 is a bibliography of all cited references.

Appendix A provides a tabulated summary of all cited and related literature and
an associated comprehensive bibliography.

Appendix B provides map resources which describe geographic climate change
information evident in current climate projections. The data used to generate
Appendix B are at: http://gdo-dcp.uclinl.org/downscaled_cmip3_projections/
dcplnterface.html.

Appendix C offers a glossary.

The report and appendices are organized with respect to each of Reclamation’s
five regions: Pacific Northwest, Mid-Pacific, Lower Colorado, Upper Colorado,
and Great Plains. The primary audience for this report is meant to be
Reclamation staff involved in planning and environmental compliance activities.
Other potential audiences include staff from other Reclamation divisions, other
government agencies, and nongovernment entities associated with Reclamation
projects and activities.

It is envisioned that the various sections of the report will be used by Reclamation
staff as boilerplate narratives, and the authors invite these staff to use these
narratives as a starting point for literature review sections in their planning
documents (e.g., NEPA environmental impact statements, biological assessments
under Federal/State ESA, general planning feasibility studies). In such
applications, study teams may wish then to abbreviate or augment these starting
narratives, depending on the needs of the given study document.

This 2010 version of the report generally is informed by literature surveyed
through summer 2010. As with the first issue (Reclamation 2009), this synthesis
update was subjected to external review provided by staff from each of the five
western NOAA Regional Integrated Sciences and Assessments (RISAs) located in
the Western United States (http://www.climate.noaa.gov/cpo_pa/risa/: Climate
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Impacts Group [CIG]?, Climate Assessment for the Southwest [CLIMAS],
California Nevada Applications Program CNAP, Western Water Assessment
[WWA], and Southern Climate Impacts Planning Program [SCIPP]). Reviews of
the first issue also were conducted by staff from each of Reclamation’s regional
offices.®> When the first issue was released, it was emphasized that it provided an
initial synthesis and that the report would be a living document undergoing annual
updates. It also was noted that readers may have found the content in
Reclamation (2009) to be sparse for some resource and geographic areas.
Attempts were made during this synthesis update to address such areas (e.g.,
climate change impacts on ecosystems and water demands and climate change
impacts for the eastern Great Plains Region).

2 CIG was formerly funded by RISA, although they are no longer a RISA.

® Reclamation regional offices reviewers included: Stephen Grabowski and Robert Hamilton,
Pacific Northwest Region; Michael Tansey, Mid-Pacific Region; Carly Jerla, Lower Colorado
Region; Nancy Coulam, Katrina Grantz and Jim Prairie, Upper Colorado Region; and Gary Davis,
Great Plains Region.
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2.0 Literature Summary

This chapter presents a synthesis of climate change literature relevant to
hydrology and water and environmental resources impacts in each of
Reclamation’s regions. Summaries generally are divided in terms of studies
focused on historical or projected impacts and studies including projected climate
change impacts to environmental resources and ecosystems. Contrasting from
other regions’ summaries, the summaries for Mid-Pacific Region also include a
discussion on sea level rise.

While the authors attempted to craft consistent narratives across the regions, the
disparity of literature and different review emphases led to some differences in
content between the narratives. For example, note the additional wealth of
information in on the Lower Colorado (LC) Region studies of historical drought
(section 2.3.1) critique of climate models’ projections over the LC Region
(section 2.3.2). It is intended to create parallel discussions for the other regions
with more consistent narratives in the next edition of this report.

2.1 Pacific Northwest Region

Numerous studies have been conducted on the potential consequences of climate
change for water resources in Reclamation’s Pacific Northwest (PN) Region.
This section summarizes findings from recent studies (1994-2010) demonstrating
evidence of regional climate change during the 20™ century and exploring water
and environmental resources impacts associated with various climate change
scenarios.

2.1.1 Historical Climate and Hydrology

Over the course of the 20" century, it appears that all areas of the PN Region
became warmer, and some areas received more winter precipitation. Cayan et al.
(2001) report that Western United States (U.S.) spring temperatures increased
1-3 degrees Celsius (°C) (1.8-5.4 degrees Fahrenheit [°F]) between 1970 and
1998. Regonda et al. (2005) report increased winter precipitation trends during
1950-1999 at many Western United States sites, including several in the Pacific
Northwest, but a consistent region-wide trend is not apparent over this period.

Coincident with these trends, the Western United States and PN Region also
experienced a general decline in spring snowpack, reduced snowfall to winter
precipitation ratios, and earlier snowmelt runoff between the mid- and late-

20" century. Reduced snowpack and snowfall ratios are indicated by analyses of
1948-2001 snow water equivalent (SWE) measurements at 173 Western United
States stations (Knowles et al. 2007). Regonda et al. (2005) evaluated 1950-1999
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data from 89 stream gauges in the Western United States and reports trends of
earlier peak runoff at most stations during the period, and significant trends
toward earlier runoff were found in the Pacific Northwest. Luce and Holden
(2009) report on distribution of streamflow reductions observed during 1948-
2006, showing significant trends in annual streamflow reductions during dry
years.

Villarini et al. (2009) analyzed annual peak discharge records from 50 stations in
the United States with 100 years of record and attempted to document reduced
stationarity. However, their results were equivocal, due to evidence of human
modifications affecting runoff generation (e.g., changes in land use and land
cover), fluvial transportation (e.g., construction of dams and pools), and
changes in measurements, all of which can induce nonclimatic
nonstationarity. Consequently, they reported that they were “not able to
assess whether the observed variations in annual maximum instantaneous peak
discharge were due to natural climate variability or anthropogenic climate
change.”

Focusing on changes in precipitation extremes, the former U.S. Climate Change
Science Program issued Synthesis and Assessment Product (SAP) 3.3 (CCSP
2008), wherein chapter 3 focuses on mechanisms for observed changes in
extremes and reports that heavy precipitation events averaged over North America
have increased over the past 50 years (Gutowski et al. 2008). Kunkel (2003)
presents an analysis of extreme precipitation events and indicates there has been
an increase in their frequency since the 1920s/1930s in the United States. Madsen
and Figdor (2007) evaluated 1948-2006 trends in extreme precipitation events for
each State using the method of Kunkel et al. (1998) and report similar findings.
Rosenberg et al. (2010) examined both historical precipitation records and
simulations of future rainfall to evaluate past and prospective changes in the
probability distributions of precipitation extremes across Washington State and
found evidence suggesting that drainage infrastructure designed using mid-

20™ century rainfall records may be subject to a future rainfall regime that differs
from current design standards. Extreme runoff due to changes in the statistics of
extreme events will present flood control challenges to varying degrees at many
locations.

It is important to note that linear trends in hydrologically important variables
(including springtime SWE, indices of runoff timing, and surface air temperature)
depend on the time period considered in the analysis. Mote et al. (2008), for
instance, show that SWE trends for the Washington and Oregon Cascades
computed with an end date of 2006 and a start date within a decade of 1955 are
robust, while those computed through 2006 from later start dates differ
dramatically (but are statistically insignificant because the shorter-term variability
is much larger than the longer-term linear trends). This sensitivity to start date is
a direct result of the combined influences of natural climate variations on
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interdecadal time scales and longer-term anthropogenic trends that are part of
many climate records for the 20" century.

On explaining historical trends in regional climate and hydrology, chapter 4 of the
U.S. Climate Change Science Program* SAP 4.3 discusses several studies that
indicate most observed trends for SWE, soil moisture, and runoff in the Western
United States are the result of increasing temperatures rather than precipitation
effects (Lettenmaier et al. 2008). This assertion is supported by a collection of
journal articles that targeted the question of detection and attribution of late

20™ century trends in hydrologically important variables in the Western United
States, aimed directly at better understanding the relative roles of
anthropogenically forced versus naturally originating climate variations in
explaining observed trends. Barnett et al. (2008) performed a multiple variable
formal detection and attribution study and showed how the changes in minimum
temperature (Tmin), SWE, precipitation, and center timing (CT) for 1950-1999
co-vary. They concluded, with a high statistical significance, that up to 60
percent (%) of the climatic trends in those variables are human-related. Similar
results are reported in related studies by Pierce et al. (2008) for springtime SWE;
Bonfils et al. (2008) for temperature changes in the mountainous Western United
States; Hidalgo et al. (2009) for streamflow timing changes; and Das et al. (2009)
for temperature, snow/rain days ratio, SWE, and streamflow timing changes. An
additional key finding of these studies is that the statistical significance of the
anthropogenic signal is greatest at the scale of the entire Western United States
and weak or absent at the scale of regional scale drainages with the exception of
the Columbia River Basin (Hidalgo et al. 2009).

While the trends in Western United States river flow, winter air temperature, and
snow pack might be partially explained by anthropogenic influences on climate,
Hoerling et al. (2010) show that it remains difficult to attribute historical
precipitaton variability to anthropogenic forcings. They evaluated regional
precipitation data from around the world (observed and modeled) for 1977-2006.
They suggest that the relationship between sea temperatures and rainfall changes
are generally not symptomatic of human-induced emissions of greenhouse gases
and aerosols. Rather, their results suggest that trends during this period are
consistent with atmospheric response to observed sea surface temperature
variability. Shin and Sardeshmukh (2010) show that the 20" century trends in the
Palmer Drought Severity Index (PDSI) are consistent with forcing by tropical sea-
surface temperature (SST) trends and discuss that the SST trends are due to a
combination of natural and anthropogenic forcing. These two studies reinforce
the fact that tropical SSTs can act as a “middleman” for anthropogenic climate
change in the West.

* Now known as the U.S. Global Change Research Program.
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McAfee and Russell (2008) examined connections between the observed
poleward migration of the Northern Hemisphere storm track (a global warming
response suggested by current climate projections, sometimes referred to as
Hadley Cell expansion [Seager et al. 2007]), atmospheric circulation over North
America, and precipitation and temperature responses in the Western United
States. They found that during the transition to spring, following a Northern
Annular Mode (also called Arctic Oscillation) high-index winter, which is
associated with poleward storm track shift, there is a weakening of the storm track
over the northeastern Pacific, resulting in warmer and drier conditions west of the
Rocky Mountains. They note that these results are consistent with observations of
early spring onset in the Western United States.

Several recent studies have examined the climate sensitivity of snowpack in
Washington’s Cascade Mountains. Stoelinga et al. (2010) and Smoliak et al.
(2010) estimated the contribution of variations in circulation patterns to the
observed trends and interannual variations in Cascade Mountain snowpack over
the 1930-2007 period. Using similar regression techniques, Stoelinga et al.
(2010) identified three atmospheric circulation patterns that account for 71% of
the variance in their springtime snowpack time series, while Smoliak et al. (2010)
identified two circulation patterns that account for 70% of the variance in the
same snowpack timeseries. Casola et al. (2009) used scaling arguments to
estimate the sensitivity of Cascades springtime snowpack to be a 16% loss per °C
of warming. Minder (2010) used idealized, physically based models of mountain
snowfall to simulate Cascade Mountains snowpack accumulation under current
and warmed climates, estimated a 14.8-18.1% loss per °C warming, and noted
that circulation changes might influence the loss of mountain snowpack under
climate warming via impacts on orographic precipitation enhancement.
Moreover, Stewart (2009) examined global snowpack and melt responses and
noted that the greatest responses have been observed for areas that remain close to
freezing throughout the winter season.

These findings are significant for regional water resources management and
reservoir operations because snowpack traditionally has played a central role in
determining the seasonality of natural runoff. In many PN Region headwater
basins, the precipitation stored as snow during winter accounts for a significant
portion of spring and summer inflow to lower elevation reservoirs. The
mechanism for how this occurs is that (with precipitation being equal) warmer
temperatures in these watersheds cause reduced snowpack development during
winter, more runoff during the winter season, and earlier spring peak flows
associated with an earlier snowmelt.

2.1.2 Climate Change Impacts on Hydrology and Water
Resources

Several studies have been conducted to relate potential future climate scenarios to
PN Region runoff and water resources management impacts. A recent paper by
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the Congressional Budget Office (CBO) (CBO 2009) presents an overview of the
current understanding of the impacts of climate change in the United States,
including that warming will tend to be greater at high latitudes and in the interiors
of the United States. CBO 2009 suggests that future climate conditions will
feature less snowfall and more rainfall, less snowpack development, and earlier
snowmelt runoff. The report also suggests that warming will lead to more intense
and heavy rainfall that will tend to be interspersed with longer relatively dry
periods. Lundquist et al. (2009) report similar findings. In general, there is
greater agreement reported between model projections and, thus, higher
confidence in future temperature change relative to precipitation change.”

The CBO findings are qualitatively consistent with findings in the Washington
Climate Change Impacts Assessment (WACCIA), developed and reported by the
University of Washington Climate Impacts Group. The WACCIA reports on
future climate change possibilities and associated impacts to hydrology, water
resources, ecosystems, and other sectors. The WACCIA’s report on future
climate conditions over the greater Columbia River Basin (Mote and Salathé
2010) suggests increases in average annual Pacific Northwest temperature of
1.1-3.3 °F by the 2020s (2010-2039), 1.5-5.2°F by the 2040s (2030-2059),

and 2.8-9.7 °F by the 2080s (2070-2099), compared to 1970-1999. Projected
changes in average annual precipitation, averaged over all models, are small

(+1 to +2%), but some models project an enhanced seasonal precipitation

cycle with changes toward wetter autumns and winters and drier summers.
Although the multimodel average suggested small chnages in average-annual
precipitation, the range of changes from individual models was relatively broad.
For example, among the 39 different future climate scenarios based on 20 climate
models and 2 greenhouse gas emissions scenarios, the WACCIA reported that
2080s annual average precipitation change relative to historical conditions could
vary from -10 to +20%. These climate changes translate into impacts on
hydrology, particularly regional snowpack and runoff seasonality (Elsner et al.
2010). For example, WACCIA findings suggest that under a multiprojection
average representing 10 of the 20 climate models referenced above, each
simulating the A1b® emissions scenario, April 1 snowpack is projected to
decrease by 28% across Washington State by the 2020s, 40% by the 2040s, and
59% by the 2080s (relative to the 1916-2006 historical average). As a result,
seasonal streamflow timing likely will shift significantly in sensitive watersheds.

Switching focus to extreme precipitation events, the former U.S. Climate Change
Science Program issued SAP 3.3 (CCSP 2008), which focuses on mechanisms for

® Note that some researchers caution that agreement between models is not a sufficient metric
for judging projection credibility (Pirtle et al. 2010), noting that the modeling community has yet
to demonstrate sufficient independence between models that can be similarly flawed or biased as a
result of sharing code or parameterizations.

® As defined by the International Panel on Climate Change (IPCC) Special Report on
Emissions Scenarios (SRES) (Naki¢enovi¢, N., and R. Swart [eds.] 2000).
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observed changes in extreme precipitation to better interpret projected future
changes in extremes (Gutowski et al. 2008). SAP 3.3 suggests that climate
change likely will cause precipitation to be less frequent but more intense in many
areas, and suggests that precipitation extremes are very likely to increase. Sun

et al. (2007) also report on climate change and precipitation extremes. Using
regional climate models for Washington State, Salathe et al. (2009) predict
positive or very small statewide trends and considerable increases in future
extreme precipitation events relative to 20" century conditions.

These recent assessments on future climate and hydrology are consistent with
earlier studies. Hamlet and Lettenmaier (1999) evaluated potential future changes
to Pacific Northwest climate relative to the ability of the Columbia River reservoir
system to meet regional resource objectives. The authors report decreased
summer streamflows up to 26% relative to the historic average, which would
create significant increased competition among water users. A subsequent study
by Mote et al. (2003) included evaluations of impacts associated with climate
change scenarios from numerous climate projections available at that time and
reported findings suggesting that regional resources have a greater sensitivity to
climate relative to what was previously understood. Mastin et al. (2008) predicted
Yakima River basin runoff impacts given average annual termperature increases
of 1 and 2 °C combined with no change in precipitation. Their results suggest
modest decreases in annual runoff and significant late spring and summer runoff
decreases under both scenarios. Rauscher et al. (2008) used a high-resolution,
nested climate model to investigate future changes in snowmelt-driven runoff
over the Western United States. Results include that runoff could occur as much
as 2 months earlier than present, particularly in the Northwest, and earlier runoff
timing of at least 15 days in early-, middle-, and late-season flow is projected for
almost all mountainous areas where runoff is snowmelt driven. On extreme
hydrologic events, Raff et al. 2009 introduced a framework for estimating flood
frequency in the context of climate projections or time-developing climate
information. The framework was applied to a set of four diverse basins in the
Western United States (i.e., the Boise River above Lucky Peak Dam, the San
Joaquin River above Friant Dam, the James River above Jamestown Dam, and the
Gunnison River above Blue Mesa Dam). Results for three of the four basins
(Boise, San Joaquin, and James) showed that, under current climate projections,
probability distributions of annual maximum discharge would feature greater flow
rates at all quantiles. For the fourth basin (Gunnison), greater flow rates were
projected for roughly the upper third of quantiles. Granted, this study represents a
preliminary effort and primarily focuses on introducing a framework for
estimating flood frequency in a changing climate. Results are limited by various
uncertainties, including how the climate projections used in the analysis did not
reflect potential changes in storm frequency and duration (only changes in storm
intensity relative to historical storm events).
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Such future impacts on hydrology have been shown to have implications for water
resources management. Chapter 4 of SAP 4.3 focuses on water resources effects
and suggests that management of Western United States reservoir systems is very
likely to become more challenging as net annual runoff decreases and interannual
patterns continue to change as the result of climate change (Lettenmaier et al.
2008). The WACCIA includes assessment of reservoir operations in the Yakima
River Basin under a multimodel average climate change scenario (Vano et al.
2010) and suggests that impacts to snowpack and runoff seasonality translate into
reduced ability (compared to 1970-2005) to supply water to all users, especially
those with junior water rights. Without adaptation, their results suggest that
shortages likely would occur 32% of years in the 2020s, 36% of years in the
2040s, and 77% of years in the 2080s (compared to 14% of years 1916-2006).
Focusing on the greater Columbia River Basin, Payne et al. (2004) evaluated
reservoir operations under projected hydrologic conditions and explored
mitigation options that might become necessary to balance the needs of the
various water users. Their findings included that increased winter runoff may
necessitate earlier dates of winter flood control drawdown relative to current
dates. The most significant operational result was an increased competition for
water supply between demands associated with instream flows and hydropower
production. To maintain current levels of instream flows, a 10-20% reduction in
firm hydropower production would be required. Lee et al. (2009) performed a
similar analysis on the Columbia River Basin system with findings consistent
with Payne et al. (2004). Their results suggest that current Columbia River Basin
reservoir systems could be operated to provide flood control and reservoir refill
under climate change scenarios, provided that current flood rule curves are
updated.

2.1.3 Climate Change Impacts on Environmental
Resources

Chapter 5 of SAP 4.3 discusses how biodiversity may be affected by climate
change (Janetos et al. 2008) and indicates that many studies have been published
on the impacts of climate change for individual species and ecosystems.’
Predicted impacts are primarily associated with projected increases in air and
water temperatures and include species range shifts poleward, adjustment of
migratory species arrival and departure, amphibian population declines, and
effects on pests and pathogens in ecosystems. Climate change also has affected
forest insect species range and abundance through changes in insect survival rates,
increases in life cycle development rates, facilitation of range expansion, and
effect on host plant capacity to resist attack (Ryan et al. 2008). Cayan et al.
(2001) document earlier blooming of lilacs and honeysuckles correlated to
increasing spring temperatures.

” Ansu and McCarney (2008) offer a categorized bibliography of articles related to climate
change and environmental resources impacts. Readers are encouraged to review this bibliography
for additional articles relevant to their specific interests.
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Chapter 2 of SAP 4.3 discusses the effects of climate change on agriculture and
water resources (Hatfield et al. 2008). It addresses the many issues associated
with future agricultural water demands and discusses that only a few studies have
attempted to predict climate change impacts on irrigation demands. These limited
study findings suggest significant irrigation requirement increases for corn and
alfalfa due to increased temperatures and carbon dioxide (CO,) and reduced
precipitation. Further, agricultural water demand could decrease due to crop
failures caused by pests and disease exacerbated by climate change. On the other
hand, agricultural water demand could increase if growing seasons grow longer
and assuming that farming practices could adapt to this opportunity by planting
more crop cycles per growing season. This possibility is based on studies
suggesting that the average North American growing season length increased by
about 1 week during the 20™ century; and it is projected that, by the end of the
21% century, it will be more than 2 weeks longer than typical of the late

20™ century (Gutowski et al. 2008). Christidis et al. (2007) point out that
increases in growing season length also have ramifications for phenological
events, with possible cascading impacts related to water storage, peak flows, and
pollinators. The International Panel on Climate Change (IPCC) Technical Paper
on Climate Change and Water includes similar discussions (Bates et al. 2008) on
the above issues and noting that only a few studies have attempted to predict
climate change impacts on irrigation demands.

Increased air temperatures could increase aquatic temperatures and affect fisheries
habitat. In general, studies of climate change impacts on freshwater ecosystems
are more straightforward with streams and rivers, which are typically well mixed
and track air temperature closely, as opposed to lakes and reservoirs, where
thermal stratification and depth affect habitat (Allan et al. 2005). Ficke et al.
(2007) present an extensive synthesis and bibliography of literature on climate
change impacts on freshwater fisheries. Fang et al. (2004a and 2004b) predicted
changes to cold water fisheries habitat in terms of water temperature and
dissolved oxygen under a doubled CO, climate change regional warming scenario
for 27 lake types in the United States, including Western United States lakes.
Their findings suggest an overall decrease in the average length of good-growth
periods, and the area for which lakes cannot support cold water fish would extend
significantly further north. Reported average reductions in the number of
locations where lakes presently have suitable year-round cold water fish habitat
are 28, 90, and 65 locations for shallow, medium depth, and deep lakes,
respectively. Williams et al. (2009) predict future adverse impacts to several
species of cutthroat trout due to increased summer temperatures, uncharacteristic
winter flooding, and increased wildfires resulting from climate change. Haak

et al. (2010) present similar predictions for various salmonid species of the inland
Western United States.

The WACCIA (Mantua et al. 2010) reports that rising stream temperatures likely
will reduce the quality and extent of freshwater salmon habitat in Washington
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State. The WACCIA goes on to suggest that the duration of periods that cause
thermal stress and migration barriers to salmon is projected to at least double (low
emissions scenario, B1) and perhaps quadruple (medium emissions scenario,
A1B) by the 2080s for most analyzed streams and lakes. The WACCIA indicated
regions of greatest expected increases in thermal stress, including the interior
Columbia River Basin. These findings are consistent with other studies in the
region. Battin et al. (2007) focused on the impacts of climate change on the
effectiveness of proposed salmon habitat restoration efforts in the Snohomish
River basin of western Washington State. Based on climate model estimated
mean air temperature increases of 0.7 to 1.0 °C (1.1 to 1.8 °F) by 2025 and 1.3 to
1.5°C (2.3 t0 2.7 °F) in 2050 relative to 2001 conditions, impacts on freshwater
salmon habitat and productivity for Snohomish basin Chinook salmon were found
to be consistently negative. However, Battin et al. (2007) also suggested that
scenarios for freshwater habitat restoration could partially or completely mitigate
the projected negative impacts of anthropogenic climate change.

Projected climate changes are likely to have an array of interrelated and cascading
ecosystem impacts with feedbacks to runoff volume, water quality,
evapotranspiration, and erosion (Lettenmaier et al. 2008; Ryan et al. 2008).
Burkett and Kusler (2000) discuss potential impacts to wetlands caused by
climate change. Potential impacts to five different types of wetlands are
discussed as well as how impacts may vary by region. Allan et al. (2005) suggest
that, although freshwater ecosystems will adapt to climate change as they have to
other stresses (e.g., land use change, acid rain, habitat degradation, and pollution),
the adaptation to climate change likely will entail a diminishment of native
biodiversity.

Warmer water temperatures also could exacerbate invasive species issues (e.g.,
guagga mussel reproduction cycles responding favorably to warmer water
temperatures). Moreover, climate changes could decrease the effectiveness of
chemical or biological agents used to control invasive species (Hellman et al.
2008). Warmer water temperatures also could spur the growth of algae, which
could result in eutrophic conditions in lakes, declines in water quality
(Lettenmaier et al. 2008), and changes in species composition.

Switching to nonaquatic species and ecosystem impacts, McCarty (2001) reports
the abundance of Sooty Shearwaters (a seabird) declined by 90% between 1987
and 1994 associated with rapid warming of the California current. Ray et al.
(2010) present a synthesis of existing climate change prediction data sets adjusted
and downscaled to support efforts to determine the need of listing the American
Pika under the Endangered Species Act. Significant increasing temperature
trends and earlier snowmelt implications to Pika habitat are presented. Beever et
al. (2010) report study findings associated with potential climate change impacts
to the American Pika that include results of testing alternative models of climate-
mediated extirpations.
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Another potential effect of climate change impacts on ecosystems and watershed
hydrology involves changes in vegetation disturbances due to wildfires and forest
dieback. In the Western United States, increases in spring-summer temperatures
leads to attenuated snow melt, reduced soil moisture, and reduced fuel moisture
conditions. This, in turn, affects wildland fire activity. Such effects are discussed
in chapter 3 of SAP 4.3 (Ryan et al. 2008) and also Westerling et al. (2006),
which documents large increases in fire season duration and fire frequency,
especially at mid-elevations, in the Western United States. Coincident with trends
toward warmer and drier climate in the Western United States over the past two
decades (1990-2009), forest fires have grown larger and more frequent. Both the
frequency of large wildfires and fire season length increased substantially since
1985, and these changes were closely linked with advances in the timing of spring
snowmelt. Hot and dry weather also allows fires to grow exponentially, covering
more acreage (Lettenmaier et al. 2008).

Several studies have focused on potential future forest impacts under climate
change. Westerling et al. (2006) document large increases in fire season duration
and fire frequency, especially at mid-elevations. The WACCIA reports similar
potential impacts (Littell et al. 2009), suggesting that due to increased summer
temperature and decreased summer precipitation, the annual area burned by fire
regionally is projected to double by the 2040s and triple by the 2080s (relative to
1916-2006 annual average). These findings are consistent with earlier studies.
Brown et al. (2004) evaluated future (2006—2099) Western United States wildfire
potential based on climate change scenarios relative to current climate conditions
and current wildfire potential quantified using the Forest Service National Fire
Rating System. The study predicts increased potential for large wildfires
throughout most of the Western United States with the exception of the Pacific
Northwest and with the greatest increase in the northern Rockies, Great Basin,
and the Southwest United States. McKenzie et al. (2004) project increases in
numbers of days with high fire danger and acres burned, respectively, as a result
of increasing temperatures and related climate changes. These authors also
discuss how some plant and animal species that are sensitive to fire may decline,
whereas the distribution and abundance of species favored by fire may be
enhanced due to increased wildfires resulting from climate change. Beukema

et al. (2007) discuss the potential for increased fire risk and insect and pathogen
impacts to East Cascades ponderosa pine forest ecosystems resulting from climate
change. Robinson et al. (2008) describe and compare several ecological models
that estimate vegetation development (productivity or vegetation type) under
climate change conditions.

Climate changes also can trigger synergistic effects in ecosystems through
triggering multiple nonlinear or threshold-like processes that interact in complex
ways (Allen 2007). For example, increasing temperatures and their affects on soil
moisture are a key factor in conifer species die-off in western North America
(Breshears et al. 2005). Increased temperatures are also a key factor in the spread
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and abundance of the forest insect pests that also have been implicated in conifer
mortality (Logan et al. 2003; Williams et al. 2008). For example, Ryan et al.
(2008) report that several insect outbreaks recently have occurred or are occurring
in the United States, and increased temperature and drought likely influenced
these outbreaks. Climate change appears to have affected forest insect species
range and abundance through changes in insect survival rates, increases in life
cycle development rates, facilitation of range expansion, and effect on host plant
capacity to resist attack. The WACCIA also reports that in areas primarily east of
the Cascades, mountain pine beetles likely will reach higher elevations, and pine
trees likely will be more vulnerable to attack by beetles.® The one-two punch of
temperature driven moisture stress on trees and the enhanced life cycles and
ranges of insect pests kill large swaths of forest, triggering changes in ecosystem
composition and flammability, hence a cascading series of impacts such as
decreased soil retention and increased aeolian and fluvial erosion.

2.2 Mid-Pacific Region

Numerous studies have been conducted on the potential consequences of climate
change for water resources in Reclamation’s Mid-Pacific (MP) Region. This
section summarizes findings from recent studies (1994-2010) demonstrating
evidence of regional climate change during the 20™ century and exploring water
resources, environmental resources, and sea level impacts associated with various
climate change scenarios.’

2.2.1 Historical Climate and Hydrology

Over the course of the 20™ century, it appears that all areas of the MP Region
became warmer, and some areas received more winter precipitation. Cayan et al.
(2001) report that Western United States spring temperatures increased 1-3 °C
between the 1970s and late 1990s. Increasing winter temperature trends observed
in central California average about 0.5 °C per decade from the late 1940s to the
early 1990s (Dettinger and Cayan 1995). Regonda et al. (2005) report increased
winter precipitation trends during 1950-1999 at many Western United States
sites, including several in California’s Sierra Nevada; but a consistent region-wide
trend is not apparent.

Other notable assessments of historical climate trends include Bonfils et al.
(2007), which report that 1914-1999 and 1950-1999 observed temperature
increase trends at eight California sites are inconsistent with model-based

& Numerous articles on invasive bark beetle topics are available at
http://wwa.colorado.edu/ecology/beetle/references.html.

° For the MP Region within California, Vicuna and Dracup (2007) offer an exhaustive
literature review of prior studies pertaining to climate change impacts on California hydrology and
water resources.
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estimates of natural internal climate variability, which imply that there were
external agents forcing climate during the evaluation period. The authors suggest
that the warming of California’s winter over the second half of the 20" century is
associated with human-induced changes in large-scale atmospheric circulation.
Cayan et al. (2001) report that warmer-than-normal spring temperatures observed
in the Western United States were related to larger scale atmospheric conditions
across North America and the North Pacific, but whether these anomalies are

due to natural variability or are a symptom of global warming is not certain.
Gershunov et al. (2009) report on the positive trend in heat wave activity over the
entire California-Nevada region that is expressed mostly in night time rather than
daytime temperature extremes. The authors discuss the relative contributions of
the factors identified and possible relations to climate change.

Coincident with these trends, the Western United States and MP Region also
experienced a general decline in spring snowpack, reduced snowfall to winter
precipitation ratios, and earlier snowmelt runoff from the late 1940s to early
2000s. Reduced snowpack and snowfall ratios are indicated by analyses of 1948—
2001 SWE measurements at 173 Western United States stations (Knowles et al.
2007). Regonda et al. (2005) report monthly SWE trends during 1950-1999

and suggest that there were statistically significant declines in monthly SWE
over roughly half of the Western United States sites evaluated for 1970-1998.
Peterson et al. (2008) also found earlier runoff trends in an analysis of 18 Sierra
Nevada River basins with various periods beginning between 1947 and 1961 and
ending between 1988 and 2002. Stewart (2009) examined global snowpack and
melt responses and noted that the greatest responses have been observed for areas
that remain close to freezing throughout the winter season.

Villarini et al. (2009) analyzed annual peak discharge records from 50 stations in
the United States with 100 years of record and attempted to document reduced
stationarity. However, their results were equivocal, due to evidence of human
modifications affecting runoff generation (e.g., changes in land use and land
cover), fluvial transportation (e.g., construction of dams and pools), and changes
in measurements—all of which can induce nonclimatic nonstationarity.
Consequently, they reported that they were “not able to assess whether the
observed variations in annual maximum instantaneous peak discharge were due to
natural climate variability or anthropogenic climate change.”

Focusing on changes in precipitation extremes, the former U.S. Climate Change
Science Program issued SAP 3.3 (CCSP 2008), wherein chapter 3 focuses on
mechanisms for observed changes in extremes and reports that heavy precipitation
events averaged over North America have increased over the past 50 years
(Gutowski et al. 2008). Kunkel (2003) presents an analysis of extreme
precipitation events and indicates there has been an increase in their frequency
since the 1920s/1930s in the United States, although very small trends (1931-
1996) were shown for the climate divisions of the MP Region. Madsen and
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Figdor (2007) evaluated 1948-2006 trends in extreme precipitation events for
each State using the method of Kunkel et al. (1998) and report similar findings.

It is important to note that linear trends in hydrologically important variables
(including springtime SWE, indices of runoff timing, and surface air temperature)
depend on the time period considered in the analysis. For example, Mote et al.
(2008), show that SWE trends for the Washington and Oregon Cascades
computed with an end date of 2006 and a start date within a decade of 1955 are
robust, while those computed through 2006 from later start dates differ
dramatically (but are statistically insignificant because the shorter-term variability
is much larger than the longer-term linear trends). This sensitivity to start date is
a direct result of the combined influences of natural climate variations on
interdecadal time scales and Ion%er-term anthropogenic trends that are part of
many climate records for the 20" century.

On explaining historical trends in regional climate and hydrology, chapter 4 of the
U.S. Climate Change Science Program SAP 4.3 discusses several studies that
indicate most observed trends for SWE, soil moisture, and runoff in the Western
United States are the result of increasing temperatures rather than precipitation
effects (Lettenmaier et al. 2008). This assertion is supported by a collection of
journal articles that targeted the question of detection and attribution of late

20™ century trends in hydrologically important variables in the Western United
States, aimed directly at better understanding the relative roles of
anthropogenically forced versus naturally originating climate variations
explaining observed trends. Barnett et al. (2008) performed a multiple variable
formal detection and attribution study and showed how the changes in Tmin,
SWE, precipitation and CT for 1950-1999 co-vary. They concluded, with a high
statistical significance, that up to 60% of the climatic trends in those variables are
human-related. Similar results are reported in related studies by Pierce et al.
(2008) for springtime SWE, Bonfils et al. (2008) for temperature changes in the
mountainous Western United States, Hidalgo et al. (2009) for streamflow timing
changes, and Das et al. (2009) for temperature, snow/rain days ratio, SWE, and
streamflow timing changes. An additional key finding of these studies is that the
statistical significance of the anthropogenic signal is greatest at the scale of the
entire Western United States and weak or absent at the scale of regional scale
drainages with the exception of the Columbia River Basin (Hidalgo et al. 2009).

While the trends in Western United States river flow, winter air temperature, and
snow pack might be partially explained by anthropogenic influences on climate,
Hoerling et al. (2010) show that it remains difficult to attribute historical
precipitaton variability to anthropogenic forcings. They evaluated regional
precipitation data from around the world (observed and modeled) for 1977-2006.
They suggest that the relationship between sea temperatures and rainfall changes
are generally not symptomatic of human-induced emissions of greenhouse gases
and aerosols. Rather, their results suggest that trends during this period are
consistent with atmospheric response to observed sea surface temperature
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variability. Shin and Sardeshmukh (2010) show that the 20™ century trends in
PDSI are consistent with forcing by tropical sea-surface temperature trends and
discuss that the SST trends are due to a combination of natural and anthropogenic
forcing. These two studies reinforce the fact that tropical SSTs can act as a
“middleman” for anthropogenic climate change in the West. McAfee and Russell
(2008) examined connections between the observed poleward migration of the
Northern Hemisphere storm track (a global warming response suggested by
current climate projections, sometimes referred to as Hadley Cell expansion
[Seager et al. 2007]), atmospheric circulation over North America, and
precipitation and temperature responses in the Western United States. They found
that during the transition to spring, following a Northern Annular Mode (also
called Arctic Oscillation) high-index winter, which is associated with poleward
storm track shifts, there is a weakening of the storm track over the northeastern
Pacific, resulting in warmer and drier conditions west of the Rocky Mountains.
They note that these results are consistent with observations of early spring onset
in the Western United States.

These findings are significant for regional water resources management and
reservoir operations because snowpack traditionally has played a central role in
determining the seasonality of natural runoff. In many MP Region headwater
basins, the precipitation stored as snow during winter accounts for a significant
portion of spring and summer inflow to lower elevation reservoirs. The
mechanism for how this occurs is that (with precipitation being equal) warmer
temperatures in these watersheds cause reduced snowpack development during
winter, more runoff during the winter season, and earlier spring peak flows
associated with an earlier snowmelt.

2.2.2 Projected Future Climate and Hydrology

Several studies have been conducted to relate potential future climate scenarios to
MP Pegion runoff and water resources management impacts. In general, there is
greater agreement reported between model projections and, thus, higher
confidence in future temperature change relative to precipitation change.’® A
recent paper by the Congressional Budget Office (CBO 2009) presents an
overview of the current understanding of the impacts of climate change in the
United States, including that warming will tend to be greater at high latitudes and
in the interiors of the United States. CBO 2009 suggests that future climate
conditions will feature less snowfall and more rainfall, less snowpack
development, and earlier snowmelt runoff. The report also suggests that warming
will lead to more intense and heavy rainfall that will tend to be interspersed with
longer relatively dry periods. Lundquist et al. (2009) report similar findings.

19 Note that some researchers caution that agreement between models is not a sufficient metric
for judging projection credibility (Pirtle et al. 2010), noting that the modeling community has yet
to demonstrate sufficient independence between models that can be similarly flawed or biased as a
result of sharing code or parameterizations.
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Moser et al. (2009) report specifically on future climate possibilities over
California™ and suggest that warmer temperatures are expected throughout the
State during the 21% century, with an end-of-century increase of 3-5.5 °F under a
lower emissions scenario (B1), 8-10.5 °F under a higher emissions scenario
(A1FI), and intermediate temperature increase under the A2 emissions scenario.

Switching focus to extreme precipitation events, chapter 3 of SAP 3.3 (CCSP
2008) comments on projected future changes in extremes (Gutowski et al. 2008),
suggesting that climate change likely will cause precipitation to be less frequent
but more intense in many areas, and suggests that precipitation extremes are very
likely to increase. Sun et al. (2007) report that under 21% century modeled
emissions scenarios B1 (low), A1B (medium), and A2 (high), all models
consistently show a trend towards more intense and extreme precipitation for the
globe as a whole and over various regions.

Several studies have examined potential hydrologic impacts associated with
projected climate change. Rauscher et al. (2008) found consistent results using a
high-resolution, nested climate model to investigate future changes in snowmelt-
driven runoff over the Western United States. Their analyses showed that runoff
could occur as much as 2 months earlier than present, and earlier runoff timing of
at least 15 days in early-, middle-, and late-season flow is projected for almost all
mountainous areas where runoff is snowmelt driven. Maurer (2007) examined
global climate model (GCM) and hydrologic model based climate change impacts
for four river basins in the western Sierra Nevada and reports that the majority of
GCMs show increased winter precipitation; but this was quite variable among the
models while temperature increases and associated SWE projections appear more
consistent. Null et al. (2010) report on climate change impacts for 15 western-
slope watersheds in the Sierra Nevada under warming scenarios of 2-, 4-, and
6-°C increase in mean-annual air temperature relative to historical conditions.
Under these scenarios, total runoff decreased and earlier runoff was predicted in
all watersheds relative to increasing temperature scenarios, and decreased runoff
was most severe in the north where there is more vegetation evapotranspiration
(ET) forcing. The model also predicted that the high elevation southern-central
region appears most susceptible to earlier runoff and the central areas appear most
vulnerable to longer low flow periods. On extreme hydrologic events, Raff et al.
2009 introduced a framework for estimating flood frequency in the context of
climate projections, or time-developing climate information. The framework was
applied to a set of four diverse basins in the Western United States (i.e., the Boise
River above Lucky Peak Dam, the San Joaquin River above Friant Dam, the
James River above Jamestown Dam, and the Gunnison River above Blue Mesa
Dam). Results for three of the four basins (Boise, San Joaquin, and James)
showed that, under current climate projections, probability distributions of annual

1 Moser et al. (2009) provide an interim summary on the latest climate change science for
California and implications for multiple resource sectors. It was prepared as part of the Second
Biennial Science Report to the California Climate Action Team.
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maximum discharge would feature greater flow rates at all quantiles. For the
fourth basin (Gunnison), greater flow rates were projected for roughly the upper
third of quantiles. Granted, this study represents a preliminary effort and
primarily focuses on introducing a framework for estimating flood frequency in a
changing climate. Results are limited by various uncertainties, including how the
climate projections used in the analysis did not reflect potential changes in storm
frequency and duration (only changes in storm intensity relative to historical
storm events).

Such future impacts on hydrology have been shown to have implications for water
resources management. Chapter 4 of SAP 4.3 focuses on water resources effects
and suggests that management of Western United States reservoir systems is very
likely to become more challenging as net annual runoff decreases and interannual
patterns continue to change as the result of climate change (Lettenmaier et al.
2008). Many studies have been conducted on projected future climate and
hydrology in California’s Central VValley and what that could mean for related
water and environmental resources. A summary of studies through 2005 is
offered by Vicuna and Dracup (2007). Representative findings from these studies
are illustrated by Van Rheenan et al. (2004). They identified potential impacts of
climate change on Sacramento-San Joaquin River Basin hydrology and water
resources and evaluated alternatives that could be explored to reduce these
impacts. Five climate change scenarios were evaluated under various alternatives.
Under the current operations alternative, releases to meet fish targets and historic
hydropower levels would decrease during the 21% century. Under a conceptual
“best case” comprehensive management alternative, average annual future system
performance to meet fish targets would improve over current operations slightly;
but in separate months and in individual systems, large impairments still would
occur.

Recent studies by Moser et al. (2009), Anderson et al. (2008), and Brekke et al.
(2009b) suggest water resources impacts generally consistent with those reported
by Van Rheenan et al. (2004) but for more recently developed climate projection
scenarios. Moser et al. (2009) suggest that current climate projections over
California would lead to decreased snowpack by the end of the century (20 to
40% depending on emissions scenarios), increased risk of winter flooding, earlier
timing of meltwater runoff and greater vulnerability to summer shortfalls,
decreased hydropower generation (under dry warming), and decreased quality of
winter recreation. Brekke et al. (2009b) also explored impacts possibilities within
a risk assessment framework, considering a greater number of climate projections,
and considering how assessed risk is sensitive to choices in analytical design (e.g.,
whether to weight projection scenarios based on projection consensus, whether to
adjust monthly flood control requirements based on simulated runoff changes).
Results showed that assessed risk was more sensitive to future flood control
assumptions than to consensus-based weighting of projections. Other studies also
have suggested that changes in extreme precipitation and related runoff may
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present flood control challenges to varying degrees at many locations, but
possibly to lesser degrees in snowmelt dominated basins. For example, Hamlet
and Lettenmaier (2007) cite decreasing flood quantiles in snowmelt dominated
systems due to lower spring snowpack. It should be noted that this is an area
where the existence of dust-on-snow complicates matters, since this phenomenon
can lead to rapid snowmelt.

Other notable water resources management studies include Harou et al. (2010)
who evaluated economically driven California water resources management and
reservoir systems operations using a hydroeconomic model. As a proxy for
climate change, their simulations where driven by hydrology reflecting extreme
drought from the paleorecord. The authors synthesized a 72-year drought with
half of mean historical inflows (1921-1991) using random sampling of historical
dry years. Model results include time series of optimized monthly operations and
water allocations to maximize statewide net economic benefits that predict
impacts to be expensive but not catastrophic for the overall economy; however,
severe burdens would be imposed on the agricultural sector and environmental
water use. Vicuna et al. (2010) present an optimization algorithm for climate
change and water resources management-related studies and report the results of
its application on three Merced River basin scenarios. The algorithm explicitly
accounts for probabilistic uncertainty using a combination of sampling stochastic
dynamic programming and nonlinear programming methods. The application
scenarios included 1) limited adaptive management under existing constraints,
2) long-term adaptive management with adjustments to existing constraints, and
3) a hypothetical new reservoir assuming no existing reservoir. The respective
results for scenarios 1 and 2 showed declining and increasing benefits. The
results for scenario 3 showed the value of including uncertainty about future
hydrologic conditions in the decision to build a new reservoir.

Switching to water demand impacts, Baldocchi and Wong (2006) evaluated how
increasing air temperature and atmospheric CO, concentration may affect aspects
of California agriculture, including crop production, water use, and crop
phenology. They also offered a literature review and based their analysis on plant
energy balance and physiological responses affected by increased temperatures
and CO; levels, respectively. Their findings include that increasing air
temperatures and CO;, levels will extend growing seasons, stimulate weed growth,
increase pests, and may impact pollination if synchronization of
flowers/pollinators is disrupted.

2.2.3 Studies of Impacts on Natural Resources

Chapter 5 of SAP 4.3 discusses how biodiversity may be affected by climate
change (Janetos et al. 2008) and indicates that many studies have been published
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on the impacts of climate change for individual species and ecosystems.*?
Predicted impacts are primarily associated with projected increases in air and
water temperatures and include species range shifts poleward, adjustment of
migratory species arrival and departure, amphibian population declines, and
effects on pests and pathogens in ecosystems. Climate change also has affected
forest insect species range and abundance through changes in insect survival rates,
increases in life cycle development rates, facilitation of range expansion, and the
effect on host plant capacity to resist attack (Ryan et al. 2008). Cayan et al.
(2001) document earlier blooming of lilacs and honeysuckles correlated to
increasing spring temperatures.

Chapter 2 of SAP 4.3 discusses the effects of climate change on agriculture and
water resources (Hatfield et al. 2008). It addresses the many issues associated
with future agricultural water demands and discusses that only a few studies have
attempted to predict climate change impacts on irrigation demands. These limited
study findings suggest significant irrigation requirement increases for corn and
alfalfa due to increased temperatures and CO, and reduced precipitation. Further,
agricultural water demand could decrease due to crop failures caused by pests and
disease exacerbated by climate change. On the other hand, agricultural water
demand could increase if growing seasons grow longer and assuming that farming
practices could adapt to this opportunity by planting more crop cycles per
growing season. This possibility is based on studies suggesting that the average
North American growing season length increased by about 1 week during the

20™ century; and it is projected that, by the end of the 21 century, it will be more
than 2 weeks longer than typical of the late 20" century (Gutowski et al. 2008).
Christidis et al. (2007) point out that increases in growing season length also have
ramifications for phenological events, with possible cascading impacts related to
water storage, peak flows, and pollinators. The International Panel on Climate
Change Technical Paper on Climate Change and Water includes similar
discussions (Bates et al. 2008) on the above issues and noting that only a few
studies have attempted to predict climate change impacts on irrigation demands.

Increased air temperatures could increase aquatic temperatures and affect fisheries
habitat. In general, studies of climate change impacts on freshwater ecosystems
are more straight-forward with streams and rivers, which are typically well mixed
and track air temperature closely, as opposed to lakes and reservoirs, where
thermal stratification and depth affect habitat (Allan et al. 2005). Ficke et al.
(2007) present an extensive synthesis and bibliography of literature on climate
change impacts on freshwater fisheries. Fang et al. (2004a and 2004b) predicted
changes to cold water fisheries habitat in terms of water temperature and
dissolved oxygen under a doubled CO, climate change regional warming scenario
for 27 lake types in the United States, including Western United States lakes.

12 Ansu and McCarney (2008) offer a categorized bibliography of articles related to climate
change and environmental resources impacts. Readers are encouraged to review this bibliography
for additional articles relevant to their specific interests.
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They report an overall decrease in the average length of good-growth periods, and
the area for which lakes cannot support cold water fish would extend significantly
further north. Williams (2009) predict future adverse impacts to several species
of cutthroat trout due to increased summer temperatures, uncharacteristic winter
flooding, and increased wildfires resulting from climate change. Haak et al.
(2010) present similar predictions for various salmonid species of the inland
Western United States.

Projected climate changes are likely to have an array of interrelated and cascading
ecosystem impacts with feedbacks to runoff volume, water quality,
evapotranspiration, and erosion (Lettenmaier et al. 2008; Ryan et al. 2008).
Burkett and Kusler (2000) discuss potential impacts to wetlands caused by
climate change. Potential impacts to five different types of wetlands are
discussed as well as how impacts may vary by region. Allan et al. (2005) suggest
that, although freshwater ecosystems will adapt to climate change as they have to
other stresses (e.g., land use change, acid rain, habitat degradation, and pollution),
the adaptation to climate change likely will entail a diminishment of native
biodiversity.

Warmer water temperatures also could exacerbate invasive species issues (e.g.,
guagga mussel reproduction cycles responding favorably to warmer water
temperatures); moreover, climate changes could decrease the effectiveness of
chemical or biological agents used to control invasive species (Hellman et al.
2008). Warmer water temperatures also could spur the growth of algae, which
could result in eutrophic conditions in lakes, declines in water quality
(Lettenmaier et al. 2008), and changes in species composition.

Switching to nonaquatic species and ecosystem impacts, Ray et al. (2010) present
a synthesis of existing climate change prediction data sets adjusted and
downscaled to support efforts to determine the need of listing the American Pika
under the Endangered Species Act. Significant increasing temperature trends and
earlier snowmelt implications to Pika habitat are presented. Beever et al. (2010)
report study findings associated with potential climate change impacts to the
American Pika that include results of testing alternative models of climate-
mediated extirpations.

Another potential effect of climate change impacts on ecosystems and watershed
hydrology involves changes in vegetation disturbances due to wildfires and forest
dieback. In the Western United States, increases in spring-summer temperatures
leads to attenuated snow melt, reduced soil moisture, and reduced fuel moisture
conditions. This, in turn, affects wildland fire activity. Such effects are discussed
in chapter 3 of SAP 4.3 (Ryan et al. 2008) and also Westerling et al. (2006),
which documents large increases in fire season duration and fire frequency,
especially at mid-elevations, in the Western United States. Coincident with trends
toward warmer and drier climate in the Western United States over the past two
decades (1990-2009), forest fires have grown larger and more frequent. Both the
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frequency of large wildfires and fire season length increased substantially since
1985, and these changes were closely linked with advances in the timing of spring
snowmelt. Hot and dry weather also allows fires to grow exponentially, covering
more acreage (Lettenmaier et al. 2008).

Several studies have focused on potential future forest impacts under climate
change, both through slowly evolving change in vegetation community and
through changes spawned by disturbances involving forest fire or pest invasions.
Focusing on evolving vegetation communities, Battles et al. (2007) evaluated the
effects of climate change on the productivity and health of a mixed conifer forest
at Blodgett Forest Research Station in El Dorado County, California. The authors
report projected conifer tree growth decline under all four climate scenarios
evaluated. The worst case decreased productivity, based on stem volume
incremen