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ABSTRACT

Regional-scale projections of climate change signals due to increases in atmospheric CO, are generated for
the western United States using a regional climate model (RCM) nested within two global scenarios from a
GCM. The downscaled control climate improved the local accuracy of the GCM results substantially. The
downscaled control climate is reasonably close to the results of an 8-yr regional climate hindcast using the same
RCM nested within the NCEP-NCAR reanalysis, despite wet biases in high-elevation regions along the Pacific
coast.

The downscaled near-surface temperature signal ranges from 3 to 5 K in the western United States. The
projected warming signals generally increase with increasing elevation, consistent with earlier studies for the
Swiss Alps and the northwestern United States. In addition to the snow-albedo feedback, seasonal variations
of the low-level flow and soil moisture appear to play important roles in the spatial pattern of warming signals.
Projected changes in precipitation characteristics are mainly associated with increased moisture fluxes from the
Pacific Ocean and the increase in elevation of freezing levels during the cold season. Projected cold season
precipitation increases substantially in mountainous areas along the Pacific Ocean. Most of the projected pre-
cipitation increase over the Sierra Nevada and the Cascades is in rainfall, while snowfall generally decreases
except above 2500 m. Projected changes in summer rainfall are small. The snow budget signals are characterized
by decreased (increased) cold season snowfall (snowmelt) and reduced snowmelt during spring and summer.
The projected cold season runoff from high-elevation regions increases substantially in response to increased
cold season rainfall and snowmelt, while the spring runoff decreases due to an earlier depletion of snow, except
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above 2500 m.

1. Introduction

The impacts of human-induced global climate change
on regional hydrologic cycles are an important concern.
Regional climate variations directly affect human so-
ciety and the natural environment via water resources,
frequency of natural disasters, energy consumption, and
the health of ecosystems. Recently, a number of obser-
vational and global climate modeling studies show
strong evidence that the observed tropospheric warming
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trend is well correlated with the trend of increasing at-
mospheric CO,, especially in the second half of the
twentieth century (Santer et al. 1995). The Intergov-
ernmental Panel on Climate Change (Houghton et al.
1995, hereafter IPCC 1995) provides a comprehensive
summary of observational and modeling studies of the
detection and attribution of global climate change as-
sociated with increased atmospheric CO, concentration.

Anthropogenic climate change has potentially im-
portant impacts on the western United States, which is
among the most rapidly growing regions in the United
States. The climate of the region is characterized by
extreme seasonal contrasts in precipitation and strong
orographic effects on the hydrologic cycle (Giorgi and
Bates 1989; Kim 1997; Kim et al. 1998). Extreme sea-
sonal contrasts in precipitation make it important to ef-
ficiently manage water storage facilities during the win-
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ter to prevent flooding and to store water for the summer.
Heavy precipitation and rapid streamflow response due
to steep terrain often cause severe flood damage (Good-
ridge 1994; Soong and Kim 1996; Miller and Kim 1996;
Kim et al. 1998; Groisman et al. 2001). The anticipated
warming of the lower troposphere may affect the timing
of snowmelt, which directly affects runoff and snow-
melt-driven floods in mountainous areas in the spring
(Cayan et al. 1993; Dettinger and Cayan 1995). This
also has important implications for water resources,
since snowpack accumulated during the cold season is
an important source of water supply during the summer.
Accurate projections of regional climate change signals
associated with global climate change are crucial for
long-term sustainable development via improved water
resources management and better preparation for weath-
er-related hazards.

Downscaling of climate change signals generated by
general circulation models (GCMs) is an important step
for assessing the impacts of climate change. Today’s
GCMs are typically run at spatial resolutions of a few
hundred kilometers that are not sufficient to resolve lo-
cal features that play important roles in shaping regional
climate variability. For example, earlier studies by Gior-
gi et al. (1997) and Leung and Ghan (1999b, hereafter
L.G99) show that climate change signals depend strongly
on elevation in mountainous regions. The Coastal
Range, the Cascades, and the Sierra Nevada, which play
a crucial role in precipitation and snow budget in the
western United States, have spatial scales of 150 km or
smaller, and cannot be resolved by GCMs. Dynamical
downscaling based on nested modeling, in which a re-
gional climate model (RCM) is nested within a GCM,
has become an important tool to downscale global cli-
mate data for regional assessments. Recent RCM studies
(Giorgi and Bates 1989; Giorgi et al. 1993, 1994, 1997;
Giorgi and Shields 1999; Kim 1997; Kim et al. 1998,
2000; Kim 2001; Christensen et al. 1998; Leung and
Ghan 1999a) show that RCMs can generate regional-
scale features with reasonable accuracy from coarse-
resolution global data. Dynamical downscaling can pre-
serve physical and dynamical consistency among the
downscaled variables better than statistical downscaling
(e.g., Wilby et al. 1998; Kyriakidis et al. 2001). Hence,
dynamical downscaling is especially useful for the west-
ern United States where complex terrain and physical
processes determine important features of regional-scale
climate variations.

Only a few regional-scale climate change projections
have been made for the western United States using
nested modeling so far. Giorgi et al. (1994, hereafter
(G94) investigated regional-scale climate change signals
induced by increased CO, in two 3.5-yr simulations in
which Pennsylvania State University—National Center
for Atmospheric Research Mesoscale Model 4 (PSU-
NCAR MM4) was nested within the NCAR Community
Climate Model (CCM). G94 projects that cold season
precipitation may increase by 20%-30% in the western
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United States, while warm season rainfall may increase
(decrease) in the northwestern (southwestern) region.
They also project increases in the near-surface temper-
ature of 3.7-4.7 K, with a larger increase during the
cold season. In a recent study, in which a modified ver-
sion of PSU-NCAR MMS5 was nested within NCAR
CCM, LG99 report climate change signals for the north-
western United States. LG99 projects smaller precipi-
tation signals than G94, especially for most of the cold
season (from October to February). A strong summer
rainfall signal in LG99 may be an artifact of small sum-
mer rainfall in the control run. The temperature signal
in LG99 is about 50% of G94. These and other early
studies show that regional climate projections vary
widely among the models, both GCMs and RCMs, em-
ployed for the projections. Hence, it is necessary to
examine climate change signals from various global and
regional models to obtain the range in which climate
change signals are likely to reside.

Regional-scale climate change signals induced by in-
creased atmospheric CO, are presented below using a
nested modeling method. The main focus of the study
is to quantify the effects of increased atmospheric CO,
on the near-surface temperature, precipitation, snow
budget, and runoff in the western United States. Below,
we present the experimental design, which is followed
by a brief description of the climate change signals from
the driving GCM. Discussions of the projected regional-
scale climate change signals follow.

2. Experimental design

For dynamical downscaling, an RCM is nested within
global climate change scenarios from the second-gen-
eration coupled atmosphere—ocean model developed by
the Hadley Centre for Climate Prediction and Research
(HadCM2). HadCM2 is a finite-difference model on a
grid of 2.5° lat X 3.75° lon with 19 atmospheric layers
using a hybrid pressure-o coordinate (Johns et al. 1997).
The 20-layer ocean model uses the same horizontal grid
as the atmospheric model. The HadCM?2 fields used to
drive the regional simulations are the horizontal winds,
temperature, specific humidity, surface pressure, and sea
surface temperature (SST) on the GCM’s native grid so
that its full resolution is preserved. The GCM fields used
to drive our regional runs consist of 10-yr records from
a control run with an effective greenhouse gas concen-
tration similar to the late twentieth century, and a tran-
sient run in which greenhouse gas concentration in-
creases approximately 1% yr~! from 1990. Aerosol ef-
fects are not included in the transient run. The 10-yr
records for the control and transient runs nominally rep-
resent the years 2040-49, which is a few years before
the time of CO, doubling of the 1990 level. As the
control run shows little drift over multicentury time-
scales (Johns et al. 1997), the control climate for 2040
49 can also represent the GCM climatology for the late
twentieth century. For details of HadCM2 and the two
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F1G. 1. Model terrain (m) of the western United States domain for
the (a) regional (MAS-SPS) and (b) global (HadCM?2) models. The
GCM terrain was interpolated onto the MAS-SPS grid. Light (dark)
shading indicates above 1500 m (2500 m).

global runs, see Mitchell et al. (1995) and Johns et al.
(1997).

In the regional simulations, an RCM was driven by
updating the lateral boundary conditions and SST at 12-
h intervals using the GCM data interpolated onto the
RCM grid. The Davis scheme (Davis 1976) is used to
nudge the RCM field toward the GCM field along the
lateral boundaries. The CO, concentration is fixed for
the 10-yr period at the level of 340 and 540 ppmv for
the control and transient runs, respectively. The RCM
employed for this study is interactively coupled Me-
soscale Atmospheric Simulation (MAS) and Soil-Plant—
Snow (SPS) models. The RCM domain covers the west-
ern United States at a 36-km grid spacing on a Lambert-
Conformal Conic projection (Fig. 1a), with 18 atmo-
spheric layers between the surface and the 50-hPa level.
For details of MAS and SPS, see Kim and Soong (1996),
Soong and Kim (1996), Mahrt and Pan (1984), Pan and
Mabhrt (1987), and Kim and Ek (1995). Only a brief
outline of the two models is presented below.

MAS is a primitive-equation, limited-area atmospher-
ic model with a o coordinate. The dependent variables
of MAS are staggered on the Arakawa-C grid in the
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horizontal, and on the Lorenz grid (Lorenz 1960) in the
vertical. The advection equation is solved using the
third-order accurate finite-difference scheme of Takacs
(1985). Grid-scale condensation and precipitation are
computed using a four-class version of the bulk micro-
physics scheme (Cho et al. 1989) after neglecting the
graupel phase (Kim 1997). Atmospheric convection is
calculated by the NCEP Simplified Arakawa—Schubert
scheme (Pan and Wu 1995; Hong and Pan 1998). Solar
and terrestrial radiative transfer is computed using the
formulation of Harshvardahn et al. (1987), after the ef-
fects of ice- (Stephens 1978) and water-phase (Starr and
Cox 1985) cloud particles are added. A two-layer ver-
sion of SPS is coupled with MAS to compute the land
surface processes. SPS predicts the volumetric soil
moisture content (SMC), soil temperature, canopy water
content, and water-equivalent snow depth (WESD). The
temperature and specific humidity at the atmosphere—
land interfaces are calculated diagnostically by itera-
tively solving a nonlinear form of the surface energy
balance equation. The fraction of a grid box covered
with green vegetation is prescribed for each month from
fine-resolution satellite data (Gutman and Ignatov
1998). In this experiment, the thickness of the upper
and lower soil layers are set to 5 and 195 cm, respec-
tively.

3. The climate change signals in the GCM
projection

The HadCM2 control run simulates seasonal and spa-
tial variations of precipitation in the western United
States reasonably well (Fig. 2). Compared to the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWEF) reanalysis (Figs. 2e—f), the GCM control cli-
mate (Figs. 2a—d) is wetter for all seasons, especially
in winter (January—March: JFM) and fall (OND). Even
though the difference between the ECMWF and the
GCM control run does not correspond to absolute GCM
errors, it suggests that the GCM control run overesti-
mates precipitation in the western United States. The
GCM simulation also misses the characteristic precip-
itation distribution associated with mountain ranges
along the Pacific coast. For a detailed evaluation of the
HadCM2 control climate, readers are referred to Johns
et al. (1997).

a. Atmospheric moisture content

The precipitable water (PW) signal in the HadCM?2
projections suggests that the atmospheric moisture con-
tent increases in the western United States for all seasons
(Fig. 3). The projected increase of the PW ranges from
2 to 6 mm within the RCM domain, with a larger in-
crease in the southwestern region. Seasonally, the larg-
est increase of the PW occurs during the summer (JAS),
with the smallest increase in the spring (AMJ). The PW
also increases by a large amount in the winter (JEM)
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=) from (a)-(d) the GCM control run, and (e)-(h) the ECMW

and 10. The GCM climatology averages the control run precipitation for the 10

FiG. 2. Seasonal precipitation (mm day

Contours represent 1, 2.5, 5,

yr period

yr period of 1979-92.

2040-2049. The ECMWF climatology is an average over the 14
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FiG. 3. The seasonal-mean precipitable water (PW) signal (mm) in the GCM results. Shading indicates the signal

exceeds 4 mm.

F1G. 4. Same as Fig. 3 but for the low-level air temperature (K). Shading indicates the signal exceeds 4 K.
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FiG. 5. Same as Fig. 3 but seasonal precipitation (mm day~'). The shading indicates that the signal exceeds 2.5 mm day ~'.

F1G. 6. The annual mean precipitation (mm day~') in (a) an 8-yr
regional climate hindcast (1988-95) and (b) the 10-yr control run.
The contour levels are 1, 2.5, 5, and 10. Shading indicates the annual
mean precipitation exceeds 5 mm day~'.

and fall (OND), especially along the Pacific coast. The
HadCM2-projected PW signal is qualitatively consistent
with an observed trend during the twentieth century,
especially in the second half, which is suspected to be
an effect of CO,-induced global warming trend (Elliott
et al. 1995). Water vapor mixing ratio in the lowest
HadCM2 layer shows a similar signal as the PW (not
shown).

b. Near-surface air temperature

The GCM-projected near-surface temperature signal
is in the range of 3—-4 K in most of the western United
States (Fig. 4), similar to the projections in G94 and
LG99. The largest increase in the near-surface temper-
ature occurs along the major mountain ranges and in
the northwestern region. Note that the GCM terrain (Fig.
1b) resolves the Rocky Mountains, but does not resolve
the Coastal Range, the Cascades, and the Sierra Nevada.
The GCM-projected signals, therefore, do not capture
the orographic effects of these mountain ranges along
the Pacific Ocean, which play an important role in shap-
ing the climate of the western United States (Kim 1997,
2001). The near-surface temperature increase is largest
in winter and summer. In the winter, the strongest signals
appear in high elevation areas, perhaps due to reduced
snow cover. In the summer, the signal is strongest in
the northwestern region (Washington, Oregon, northern
California). Summertime low-level temperatures in this
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region are sensitive to the snow budget and the occur-
rence of low-level northeasterly winds. In the spring
and fall, the temperature signals are relatively weak,
with the strongest ones appearing along the Rocky
Mountains (highest GCM terrain) and in the northeast-
ern part of the domain, respectively.

c. Precipitation

The GCM projection suggests a large increase of cold
season precipitation in the western United States (Fig.
5). The most significant increase of precipitation occurs
during the winter, when the signal exceeds 2.5 mm day ~*
(over 50% of the control climate) in northern California
(Fig. 5a). The fall precipitation signal shows a similar
pattern as the winter. The largest precipitation signal
during the winter and fall appears over the western slope
of the GCM terrain. Despite increases in cold season
precipitation, the projected snowfall decreases in most
of the western United States due to higher freezing lev-
els in warmer climate (not shown). The projected pre-
cipitation signals are smallest in the spring and summer.
The summer rainfall suggests that increased CO, may
have minimal effects on monsoon rainfall in Arizona
and New Mexico where summer rainfall is unchanged

AMJ

JAS  OND

AMJ

JFM

OND
FiG. 7. Statewide seasonal-mean precipitation (mm day ') from the RCM hindcast (solid), the RCM control run (hatched), and the GCM
control run (dotted). The months included in each season are winter (JFEM), spring (AMIJ), summer (JAS), and fall (OND).

JAS

or decreases in the transient climate. Arritt et al. (2000)
present the HadCM2-projected signals in the south-
western monsoon.

4. Downscaled control climate

We first compare precipitation and near-surface air tem-
perature from the downscaled control run against a re-
gional climate hindcast in which MAS-SPS was driven
by NCEP reanalysis for the 8-yr period of 1988-95. Eval-
vations of the hindcast results show that MAS-SPS sim-
ulates regional climate features in the western United
States with reasonable accuracy. Except for the large-scale
forcing, the hindcast used the same RCM configuration,
resolution, and domain as the regional climate projection.
Hence, differences between the hindcast and the control
run originate solely from the differences in the large-scale
forcing between the reanalysis and the HadCM?2 control
climate. The differences, however, are not necessarily a
measure of GCM errors. The regional climate hindcast
and control run cover relatively short periods of 8 and 10
yr, respectively. Hence, the climatology from both the
hindcast and the control runs does not account for inter-
decadal climate variability, which can strongly modulate
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FiG. 8. The downscaled seasonal-mean precipitation signal (mm day~'). The contours represent —1, 1, 2.5, 5, and
10. Shading indicates the signal exceeds the 95% confidence level.

long-term regional climate variations (Chen et al. 1996;
Akinremi and McGinn 1999).

The annual precipitation from the control run agrees
well in pattern with the hindcast (Fig. 6). The control
climate run overestimates precipitation in high elevation
areas along the northern California Coastal Range, the
Sierra Nevada, and the Cascades, that are the wettest
regions in the western United States. Even though the
control run overestimates both rainfall and snowfall in
these regions, overestimation of rainfall is more pro-
nounced (not shown). Statewide seasonal precipitation
in the control run agrees reasonably with the hindcast
(Fig. 7). The cold season (JFEM, OND) precipitation in
the control run generally exceeds that in the hindcast.
During fall (OND), precipitation from the control run
exceeds the hindcast in all states, especially in the south-
west (California, Arizona, New Mexico, Nevada). Win-
ter (JFM) precipitation in the control run is close to the
hindcast, except in Oregon, California, and New Mex-
ico. Summer rainfall in the control run is generally
smaller than the hindcast, especially in the area affected
by the North American summer monsoon (Colorado,
Utah, Arizona, New Mexico). Even though summer
rainfall in the control run is somewhat larger than the
hindcast in the Pacific Northwest (Washington, Oregon),
summer rainfall in this region is small in both simula-
tions. The dynamically downscaled control climate
agrees more closely with the hindcast than the GCM
results (Fig. 7). Hence, dynamical downscaling can en-

hance applicability of the GCM-simulated climate data
by improving their local accuracy.

The annual mean near-surface temperature (temper-
ature at the 10-m level) in the downscaled control cli-
mate is also similar to the hindcast results (not shown).
Differences between the hindcast and the control run
are largest in high-elevation areas in eastern California,
central Utah, and western Colorado. In these regions,
the annual mean near-surface temperature in the control
run is lower than the hindcast by 1-2 K, perhaps due
to more snowfall in the control climate.

Despite differences between the downscaled control cli-
mate and the hindcast, available data are not sufficient to
attempt to correct biases in the projected climate signals
as the control run and the hindcast cover different and
relatively short periods. Even though the GCM control run
does not show noticeable drift over a few hundred years
(Mitchell et al. 1995; Johns et al. 1997), it still contains
interdecadal variability that cannot be represented ade-
quately by 10-yr runs. As the downscaled control climate
is reasonably close to the hindcast, the regional-scale cli-
mate change signals of increased CO, are estimated as
differences between the values obtained from the control
and transient runs in the discussions below.

5. Downscaled climate change signals
a. Precipitation

Figure 8 presents the downscaled seasonal precipitation
signal. This signal is positive, that is, more precipitation



1934

F1G. 9. The downscaled signals (mm day ') in the annual (a) rain-
fall and (b) snowfall. Shading indicates the annual mean rainfall
(snowfall) exceeds 2 mm day~!' (0.1 mm day~").

in the transient run than in the control run, within the
domain for all seasons. The strong precipitation signal
along the Pacific Ocean is due to the fact that the high
mountain ranges along the coast (the Coastal Range, the
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Cascades, and the Sierra Nevada) are extremely efficient
in extracting moisture from the atmosphere through oro-
graphic lifting (Chung et al. 1998). Much of the additional
water vapor in the transient run precipitates out while
passing over the mountain ranges. Due to the resulting
rain shadow effects, the cold season precipitation signal
decreases rapidly in the lee side of the mountain ranges.
(94 also found similar orographic effects in the cold sea-
son precipitation signal in the western United States. The
detailed spatial variation of the precipitation signal is cru-
cial for assessing impacts of climate change on the surface
hydrologic cycle, but is not available in the GCM data
(Fig. 5) due to a coarse spatial resolution. Precipitation
increases are also clear in the northern part of the domain
(Idaho, Montana, Wyoming), as well as in western Nevada
and central parts of Utah and Arizona. Precipitation may
decrease slightly in New Mexico in the altered climate;
however, statistical confidence of the precipitation signal
is well below the 95% level in this region. Increased pre-
cipitation in the transient run is mainly due to increased
rainfall (Fig. 9). Rainfall increases substantially in the re-
gions where the precipitation signal is largest (Fig. 9a).
Snowfall generally decreases except in a few areas where
the model terrain exceeds 2500 m (Fig. 9b). The decrease
in snowfall is associated with elevated freezing levels due
to a warmer lower troposphere in the transient run (Kim
2001). A regional climate model study by LG99 suggests
similar snowfall changes across 20002500 m in the north-
western United States due to increased atmospheric CO,.

Figure 10 compares the seasonal mean statewide pre-
cipitation in the control and transient runs. The winter
precipitation increases in all states, most notably in Cal-
ifornia, Nevada, and Arizona, where the GCM projected

TABLE 1. Standard deviation of seasonal precipitation (mm day~') in the control (CNTL) and the transient (TRAN) runs. The numbers in
parenthesis are the coefficient of variation (dimensionless: std dev mean~").

Winter (JFEM) Spring (AMIJ) Summer (JAS) Fall (OND)
CNTL TRAN CNTL TRAN CNTL TRAN CNTL TRAN
Arizona (AZ) 0.97 1.42 0.21 0.35 0.41 0.34 0.71 0.57
(0.85) (0.65) (0.57) (0.68) (0.73) (0.60) (0.830) (0.54)
California (CA) 2.48 3.03 0.51 0.64 0.13 0.70 1.43 2.91
(0.44) (0.31) (0.43) (0.39) (1.17) (1.72) (0.36) (0.46)
Colorado (CO) 0.46 0.55 0.42 0.58 0.61 0.57 0.31 0.43
0.47) (0.33) (0.26) (0.27) (0.25) 0.27) (0.30) (0.32)
Idaho (ID) 0.69 1.16 0.42 0.62 0.21 0.49 0.88 0.94
(0.27) (0.30) (0.22) (0.26) (0.32) (0.52) (0.28) (0.23)
Montana (MT) 0.38 0.24 0.59 1.14 0.49 0.51 0.23 0.31
(0.48) (0.21) (0.24) (0.37) (0.33) (0.34) (0.23) (0.23)
New Mexico (NM) 0.60 0.76 0.52 0.56 0.63 0.62 0.43 0.56
(0.48) (0.57) (0.42) (0.49) (0.40) (0.44) (0.33) (0.45)
Nevada (NV) 0.67 0.97 0.16 0.43 0.20 0.33 0.45 1.11
(0.46) (0.31) (0.21) (0.38) (0.71) (0.93) (0.39) (0.48)
Oregon (OR) 0.93 1.96 0.58 0.91 0.19 0.48 1.69 1.41
(0.19) (0.29) (0.28) (0.34) (0.33) (0.64) (0.33) (0.22)
Utah (UT) 0.62 0.83 0.17 0.46 0.63 0.48 0.38 0.90
(0.45) (0.31) (0.17) (0.35) (0.68) (0.51) (0.31) (0.45)
Washington (WA) 1.79 2.24 0.87 0.72 0.29 0.57 1.67 1.55
(0.34) (0.34) (0.33) 0.27) (0.28) (0.50) (0.26) (0.25)
Wyoming (WY) 0.19 0.26 0.38 0.69 0.54 0.62 0.17 0.36
(0.24) (0.20) (0.17) (0.24) (0.35) (0.38) (0.18) (0.25)
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Fic. 10. The downscaled statewide seasonal precipitation (mm day ') in the control (solid) and the transient (hatched) runs.

the largest increases in the PW (Fig. 3), low-level mix-
ing ratio, and precipitation (Fig. 5). The fall precipita-
tion signal is also positive in most states, but it is smaller
than the winter signal. The warm season (AMJ, JAS)
signal is also generally positive, but it is weaker than
the cold season (JFM, OND) and its statistical signifi-
cance is low (Figs. 8b,c). The summer rainfall signals
in the region affected by the North American summer
monsoon circulation are either very small (Arizona) or
negative (New Mexico, Colorado).

Projected changes in precipitation characteristics are
closely related to low-level temperature, through the al-
titudes of freezing levels and seasonal variation of the low-
level temperature, in addition to increased atmospheric
moisture content in the transient run (Kim 2001). Increases
in the cold season precipitation are mainly due to increased
rainfall. Cold season rainfall increases in all states (Fig.
11a) in response to increased large-scale moisture flux and
higher freezing levels in the transient run. Snowfall de-
creases throughout the cold season along the Pacific Ocean
(Washington, Oregon, California) and in the southwestern
United States (Arizona, New Mexico), which stays warm
during the winter (Fig. 9b). In this region, snowfall in-
creases only above the 2500-m level. In the interior (Col-
orado, Idaho, Nevada, Utah), snowfall increases in the
winter, as the wintertime low-level temperature remains

largely below freezing despite the projected warming in
the transient run. Fall snowfall, however, decreases or is
unchanged in the interior region as the low-level temper-
ature is warmer than in winter.

The interannual variability of seasonal precipitation,
measured by the standard deviation of seasonal values
(opg) over the 10-yr period (Table 1), generally coin-
cides with the seasonal precipitation signal. In each
state, o, increases for the seasons in which seasonal
precipitation also increases, implying that precipitation
differences between dry and wet years increase in an
increased CO, climate. Also shown in Table 1, in the
parenthesis, is the corresponding coefficient of variation
(CVR) defined as the ratio between o, and the cli-
matological mean. Unlike oy, that is generally larger in
the transient run, the CVR in the transient run is often
smaller than in the control climate. Annual precipitation
in the transient run does not show a discernable temporal
trend over the 10-yr period, either in individual states
or over the entire land surface within the domain.

b. Near-surface temperature

The seasonal mean temperature signal ranges from 3
to 5 K (Fig. 12) and exceeds the 95% confidence level
almost everywhere within the domain. In the summer,
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FiG. 11. The downscaled statewide seasonal (a) rainfall and (b) snowfall (mm day~') in the control (solid) and transient (hatched) runs.

the largest warming signal appears in the northwestern
region (Washington, Oregon, Idaho, Nevada, northern
California), where the surface temperature increases by
over 4 K. A similar temperature increase also appears
in western Colorado. Smaller increases of 2-3 K appear
in the Pacific coast region, west of the Cascades and
the Sierra Nevada, in winter, spring, and fall. This sug-
gests that the projected warming signal is also affected
by the seasonal variations of the low-level wind field.
During the latter three seasons, low-level winds are gen-
erally from the west, and bring cooler marine air into
the coastal regions west of the Cascades and the Sierra
Nevada. During the summer, frequent low-level north-
easterly winds, that bring warm air from the interior
into the coastal areas, are suspected to cause the strong
warming signal in the northwestern region. Similar sea-
sonal variations of the warming pattern also appear in
LG99.

As in the GCM results, the downscaled warming sig-
nals depend strongly on terrain elevation. Figure 13
shows the signals in the daily mean (TBAR: solid), min-
imum (TMIN: dashed line/open circles), and maximum
(TMAX: dashed line/solid square) near-surface temper-
ature in three terrain elevation ranges (Table 2). The
annual and seasonal mean warming signals in all three

daily temperature fields increase with height except in
California, where the warming signal above the 2000-
m level is smaller than in regions between 1000 and
2000 m, except in summer (Fig. 13). The elevation-
dependent temperature signal is mainly related to re-
duced winter snowfall and spring—summer snow cover
in high altitudes in the altered climate. The snow—albedo
feedback plays an important role in determining low-
level temperature in high-elevation regions. As snow
cover at the end of the winter is smaller in the transient
run, albedo is reduced in spring and early summer in
high elevations. The effects of snow cover on high-
elevation temperature signals are well summarized by
IPCC 1995 and Giorgi et al. (1997). For a given ele-
vation range, the TMIN signals are larger than both the
TBAR and TMAX signals, in general. Differences be-
tween the TMIN and TBAR signals are smaller in the
summer than in the winter (Fig. 13). Note that the sum-
mertime signals show additional complexity in dry re-
gions. In the interior region (Arizona, Colorado),
TMAX increases more than TMIN during the summer.
This may be related to the changes in summer rainfall.
As summer rainfall decreases, evapotranspiration (or la-
tent heat flux) decreases. Increased daytime sensible
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heat flux tends to increase the daily maximum temper-
ature.

Unlike the precipitation signal, interannual variability
in the near-surface temperature signal, averaged over
the land surface, in the transient run shows a discernable
temporal trend over the 10-yr period (not shown). The
annual mean low-level temperature increases at a rate
of 0.033 K yr~!, although interannual variation is large
(standard deviation of 0.67 K). The TMIN trend (0.036
K yr~!) is larger than the TMAX trend (0.020 K yr=").

c. Effects on snow

Increases in the lower-tropospheric temperature have
significant impacts on the snow budget in the western
United States as the freezing level migrates to higher
altitudes and snowmelt is accelerated, especially during
the winter. The effects of the warming on snowfall are

largest in the elevation range between the 1000- and
2000-m levels, especially in the Pacific coast region. In
this region, this elevation range includes the Cascades,
northern California, and the Sierra Nevada (Fig. 9b),
which are important for the water supply in spring and
summer.

Figures 14a,b presents the seasonal mean snowmelt
signal for winter and spring, respectively. The shading
indicates that snowmelt increases by 0.2 mm day~! or
more in the altered climate. The projected snowmelt
signal appears to exceed the 95% confidence level in
high-elevation areas in the Sierra Nevada and the Rocky
Mountains where the projected signals are large. During
the winter, snowmelt increases in most high-elevation
areas in the Sierra Nevada, Cascades, and the Rocky
Mountains due to warmer near-surface temperatures
(Fig. 14a). The enhanced winter snowmelt depletes most
of snow cover by the end of the winter. As a result,

TABLE 2. Number of grid points in each model terrain elevation range.

Elevation ranges Arizona California Colorado Oregon
Low: Below 1 km 64 179 0 54
Middle: Above 1 km and below 2 km 126 95 86 30
High: Above 2 km 18 16 99 0




1938 JOURNAL OF CLIMATE VOLUME 15

40OR Annual 41 CA Annual 41 AZ Annual 41 CO Annual

| | | . | | [ L | l | |
Low Middle High  Low Middle High  Low Middle High Low Middle High

4-oR JFM | 4-CA JFM|  4-Az oo 4-co o
-0 n o - °—
. [ {_ | ..-&
3fo—" 3L . 30 3L (T
¥ | ¥ L x [
B e’ B JFM
2 - oL 20
! B \ ! o ! 1 [l ! |
High  Low Middle High Low Middle High Low Middle High
5 5 5
JAS L CA JAS L AZ JAS _co JAS
= - - |
i o i
“./,/,"o B -
i i i e’
| [ ! |

3 3 3 l l 3 |
Low Middle High Low Middle High Low Middle High Low Middle High



15 JuLy 2002

F1G. 14. The downscaled snowmelt signal (mm day ') for (a) winter
(JFM) and (b) spring (AMIJ). The contour levels are —2, —0.2, 0.2,
and 2. Shading indicates the signal exceeds 0.2 mm day~'.

spring snowmelt is reduced substantially in most high
elevation regions except in very high elevations above
2500 m. In the very high elevation areas, near-surface
temperatures remain largely below freezing during the
winter despite the warming. As a result, snowmelt in
the transient run is close to the control run. The cold
surface temperature in very high elevations also reduces
the tendency for precipitation to fall as rain instead of
snow. Small changes in snowmelt and increased snow-
fall result in increased snow cover during the winter in
the very high elevation regions. Hence, spring—summer
snowmelt signal is positive above 2500 m.

Decreased snowfall and enhanced cold season snow-
melt substantially reduce the number of days with snow
cover. This tendency is most pronounced in the Pacific
Northwest and New Mexico, in the elevation range be-
tween 1000 and 2500 m, where the annual mean snow
cover days are reduced by more than 30 days in the
transient run (Fig. 15). The projected changes in the
snow cover days are small in the areas where the model
terrain is below 1000 m (small number of snow cover
days in the control run) or above 2500 m (temperature

KIM ET AL. 1939

FiG. 15. Difference in the annual mean snowcover days between
the transient and control runs. The contour levels represent —5, — 15,
—30, and —50 days. Shading indicates the annual mean snow cover
days are reduced by more than 30 days in the transient run.

is cold enough to sustain cold season snow cover in the
transient run).

d. Runoff signals

The runoff signal (Fig. 16) reflects the changes in
precipitation characteristics and snowmelt. Note that
runoff in this study is a sum of surface runoff and drain-
age into deep soil through the bottom of the model soil
layer, and does not correspond exactly to streamflow.
Cold season (JFM, OND) runoff increases in most of
the western United States, especially in high-elevation
regions along the Pacific Ocean, in response to increased
rainfall and snowmelt. In this region, the runoff signal
also exceeds the 95% confidence level during the cold
season. Spring runoff from the Cascades and the north-
ern Sierra Nevada decreases by more than 0.5 mm day !
due to reduced spring snowmelt. Increased spring runoff
occurs in the northern California Coastal Range and in
very high elevations in the southern Sierra Nevada and
the Rocky Mountains due to increased spring rainfall
(over the northern California Coastal Range) and in-
creased snowmelt (in very high-elevation regions), as
discussed above. A positive summertime runoff signal
occurs only in the southern Sierra Nevada above the
2500-m level, where snowfall increases. Analogous to
the seasonal precipitation signal (Fig. 8), statistical con-
fidence of warm season runoff signals is much smaller
than the cold season.

6. Conclusions and discussion

Regional-scale climate change signals in the western
United States induced by increased atmospheric CO,

—

F1G. 13. The downscaled signals (K) in TBAR (solid lines), TMIN (dashed lines with open circles), and TMAX (dashed lines with solid
squares) in three elevation ranges for all seasons (annual), winter (JEM), and summer (JAS). See Table 2 to for the elevation ranges and

the number of grid points in each elevation range.
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F1G. 16. The downscaled seasonal mean runoff signal (mm day~'). The contour levels are —2.5, —0.5, 0.5, 2.5, 5, and 10. Shading
indicates the signal exceeds 0.5 mm day~'.

are investigated using an RCM nested within global
climate change scenarios generated by HadCM2. The
GCM simulations project a warming of 3-5 K, and large
increases in the precipitable water and low-level water
vapor under elevated CO, concentrations. The effects
of increased atmospheric water vapor on precipitation
are most pronounced along the Pacific coast during the
winter. The GCM-generated signals, however, possess
limited applicability for climate change and impact as-
sessment studies due to their coarse spatial resolutions.

The dynamically downscaled climate change signals
from MAS-SPS nested within the global climate change
scenarios reproduce the general features of the GCM-
generated signals, both in spatial patterns and magni-
tudes. The RCM produces richer spatial details of the
signals associated with the region’s complex terrain. The
RCM projections show clearly the precipitation maxima
over the Coastal range and the Sierra Nevada with a
rainshadow region between them. Such details are not
available in the GCM results. Improved spatial details
generated by the RCM enhance applicability of the pro-
jected climate change signals for climate impact as-
sessments substantially.

The downscaled near-surface temperature signal
ranges from 3 to 5 K in the western United States,
similar to the values projected in G94 and LG99. The
projected temperature signals are affected by regional
elements including seasonal variations of the low-level
winds, snow budget, and summer rainfall changes
through temperature advection, albedo, and surface en-

ergy budget, respectively, in addition to the large-scale
climate changes. The low-level warming signal tends to
increase with terrain elevation, as decreased high-ele-
vation snowcover reduces albedo, especially during the
winter and spring. Diurnal temperature variations in the
interior region are also affected by reduced summer
monsoon rainfall. As summer rainfall decreases, surface
latent heat fluxes (sensible heat fluxes) decrease (in-
crease). Increased sensible heat fluxes are favorable for
higher daily maximum temperatures for a given amount
of insolation. Hence, the daily maximum temperature
increase is larger than the daily minimum temperature
increase, resulting in increased diurnal cycles in the in-
terior part of the western United States during the sum-
mer.

The downscaled climate change signals suggest a
large increase in cold season precipitation, especially in
the mountainous regions along the Pacific coast, in re-
sponse to increased cold season moisture flux from the
Pacific Ocean. In the Sierra Nevada and the northern
California Coastal Range, the cold season precipitation
increase is about 100% of the control climate. An im-
portant signal is that much of the projected precipitation
increase in the Sierra Nevada and the Cascades is in
rainfall due to elevated freezing levels that turns snow-
fall into rainfall. As a result, snowfall decreases in most
of the mountainous regions, despite increased moisture
flux into the region, except above 2500 m. In the interior
region, increased snowfall is projected for high-eleva-
tion regions along the Rocky Mountains. The summer
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rainfall signal is generally small and positive within the
domain, except in the region affected by the North
American summer monsoon (Arizona, New Mexico,
Colorado), where summer rainfall decreases.

The projected surface snow budget signal is charac-
terized by decreased snowfall, increased cold season
snowmelt, and decreases in spring snowmelt in most
mountainous regions below 2000 m, most significantly
along the Pacific coast. Due to reduced snowfall and
increased cold season snowmelt, the projected snow
cover decreases in most mountainous areas at the be-
ginning of the spring, except above 2500 m. Spring
snowmelt increases only in very high elevation areas in
the southern Sierra Nevada and the Rocky Mountains.
Cold season runoff in high-elevation regions increases
due to increases in cold season rainfall and snowmelt.
In response to reduced snowfall and early snowmelt,
spring runoff from mountainous regions decreases, ex-
cept in very high-elevation regions. Runoff increases in
the northern California Coastal Range mainly due to
increased spring rainfall.

Downscaled climate change signals obtained in this
study suggest that global climate change induced by
increased CO, may substantially alter the hydrologic
cycle in the western United States. Increases in cold
season rainfall and snowmelt imply higher flood fre-
quency during the cold season. Reduced spring snow-
melt reduces water resources and hydropower genera-
tion during the dry season from late spring to early fall.
The climate change signal obtained in this study qual-
itatively agrees with earlier studies (e.g., IPCC 1995;
Giorgi et al. 1994, 1997; LG99), but the magnitudes of
the projected signals often show large differences, es-
pecially in precipitation. Existing studies, including this
one, cannot conclusively quantify the climate change
signals due to increased CO,, since climate change sig-
nals vary widely among the GCMs and RCMs employed
to project climate change signals. An ensemble projec-
tion employing multiple RCMs and GCMs may help to
obtain the range in which climate change signals are
likely to reside.
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