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Abstract

This study examines current and future western U.S. snowfall and snowpack through current and future climate simulations
with a 4-km horizontal grid spacing cloud permitting regional climate model over the entire CONtinental U.S. for a 13-year
period between 2001 and 2013. At this horizontal resolution, the spatiotemporal distribution of the orographic snowfall
and snowpack is well captured partly due to the ability of the model to realistically simulate mesoscale and microphysical
features such as orographically induced updrafts driving clouds and precipitation. The historical simulation well captures
the observed snowfall and snowpack amounts and pattern in the western U.S. The future climate simulation uses the Pseudo-
Global Warming approach, taking the climate change signal from CMIP5 multi-model ensemble-mean difference between
2070-2099 and 1976-2005. The results show that the thermodynamic impacts of climate change in the western U.S. can
be characterized considering mountain ranges in two distinct geographic regions: the mountain ranges close to the Pacific
Ocean (coastal ranges) and those in the inter-mountain west. Climate change out to 2100 significantly impacts all aspects
of the water cycle, with pronounced climate change response in the coastal ranges. A notable result is that the snowpack
in the Pacific Northwest is predicted to decrease by ~70% by 2100. Trends of this magnitude have already been observed
in the historical data and in previous studies. The current Pseudo Global Warming future climate simulation and previous
global climate simulations all suggest that these trends will continue to the point that most snowpack will be gone by 2100
in the Pacific Northwest for the most aggressive RCP8.5 climate scenario, even if annual precipitation increases by 10%.
Future work will focus on extending the current convective permitting results to a full climate change simulation allowing
for dynamical changes in the flow.

1 Introduction

Water in the western U.S. is a valuable commodity that usu-
ally renews annually due to the formation of snowpack in
the high mountains every winter. The challenge for water
managers is dealing with the large inter-annual variability of
snowpack, with little to no snow one year to record amounts
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of the impact of climate change on water over the western
U.S. The limitation of this approach, however, is that the
climate has to be assumed to be stationary (same statistical
relationships in the future as in the past). The current study
examines snowfall and snowpack over the main western U.S.
mountain ranges using dynamical downscaling for both the
historical and future climate, where the future climate focus
is on thermodynamical changes by using a Pseudo Global
Warming (PGW) approach (Schir et al. 1996).

Dynamical downscaling estimates clouds and precipita-
tion over complex terrain through direct modeling of the
physical processes. Since statistical downscaling uses the
same statistics for the future climate as developed from the
current climate simulation, this may not adequately cap-
ture mesoscale changes to the precipitation (Gutmann et al.
2012). In addition, statistical downscaling is only as good
as the quality and coverage of the gridded observations used
to downscale the global climate model to. Gutmann et al.
(2014) has shown that this can be problematic over many
mountain ranges in western U.S. due to the poor coverage
of observation data over complex terrain.

The present study examines current and future western
U.S. snowfall and snowpack by performing a very high-
resolution climate simulation with 4 km horizontal resolu-
tion over the entire CONtinental U.S. (CONUS, Liu et al.
2017). At this horizontal grid spacing orographic snowfall
and snowpack are well captured in space and time due to
the ability of the model to simulate mesoscale features such
as orographically induced updraft strength driving clouds
and precipitation (Ikeda et al. 2010; Rasmussen et al. 2011,
2014). In addition, most atmospheric convection is well rep-
resented without the need of a convective parameterization
(Weisman et al. 1997; Prein et al. 2017) at this horizontal
grid spacing.

The future western U.S. snowfall and snowpack is exam-
ined using a Pseudo Global Warming approach (PGW, Schir
et al. 1996). This was necessary due to the large computer
time needed to run an ensemble approach for kilometer scale
horizontal resolution. As a result, sub-monthly dynamical
changes are not captured in this study. Instead, the results
largely focus on thermo-dynamical changes in a future cli-
mate by using the average forcing from 19 CMIP5 models
(Taylor et al. 2012). Further details on this approach are
given in Sect. 2.

Most regional dynamical downscaling studies use reso-
lutions of 25 km or larger, or cover limited regions of the
western U.S. (Hughes et al. 2012, 2014; Rhoades et al.
2017). This study increases the horizontal model resolu-
tion by a factor of six or more over previous studies and
extends the region to the entire continental U.S. (Liu et al.
2017). The advantage of this approach is that it is able
to accurately capture precipitation and snowfall over the
wide variety of mountainous terrain without the need to
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perform statistical downscaling. For instance, Ikeda et al.
(2010) and Rasmussen et al. (2011) note that the ability
of a model to accurately estimate snowfall depends on the
dominant wavelengths of the mountainous terrain, with
the Colorado Rocky Mountains needing resolutions less
than 6-km grid spacing to adequately capture orographi-
cally induced cloud updrafts and associated precipitation
within 10% of observations. Other regions (such as the
mountains in Idaho), have more complex terrain requiring
even smaller resolutions (unpublished work).

Our verification with Snowpack Telemetry (SNOTEL)
data (Serreze et al. 1999; http://www.wcc.nrcs.usda.gov/
snow/) shows that 4-km grid spacing is able to capture
monthly snowfall and snowpack over all major mountain
ranges in the western U.S. within~ 10% of observations
(in Sect. 2). The recent study by Beck et al. (2019) shows
that the 13-year CONUS simulation provides an excellent
estimate of the spatial and temporal structure of precipita-
tion in the western U.S. as compared to 15 other methods.

The disadvantage of the current high-resolution
approach is the high computer expense, and thus only one
future climate scenario is presented in contrast to studies
with 25 km or coarser horizontal resolution (e.g., Rhoades
et al. 2017), which compared multiple model simulations
of snowpack over the western U.S. using GCMs and
RCMs. However, both approaches provide complemen-
tary information and are consistent in their prediction of
significant future climate changes over the western U.S.

The current work is an expansion of our previous stud-
ies on winter snowfall and snowpack over the Colorado
Headwaters (Ikeda et al. 2010; Rasmussen et al. 2011,
2014; Chen et al. 2014). These prior studies enabled us
to determine the proper model configuration (including
horizontal grid spacing) to accurately capture snowfall and
snowpack over the complex terrain of the Rocky Moun-
tains. While additional improvements to the model and its
configuration were made by Liu et al. (2017) to expand the
simulations to the entire Western U.S., these initial studies
provided a strong foundation for the current work.

Section 2 discusses the approach used to create the
CONUS model simulations while Sect. 3 discusses veri-
fication of the model simulations. The primary mountain
ranges used in this study and verification of the model
results with SNOTEL data are presented in Sect. 4. Sec-
tion 5 presents the key results including an analysis of
water cycle components of snowfall and over the eight
major mountain ranges for both current and future climate.
Section 6 provides an analysis of the future snowfall and
snowpack across the mountain ranges of the western U.S.
and Sect. 7 an analysis of seasonal change in snowfall and
snowpack. A comparison to previous studies is given in
Sect. 8. Section 9 presents conclusions.
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2 Description of model simulation
of current and future climate over CONUS

Rasmussen et al. (2011) present results of high resolution
Weather Research and Forecasting model (WRF; Pow-
ers et al. 2017) simulations for the Colorado Headwaters
region at 4-km grid spacing using a domain centered on
the Colorado Rockies (Ikeda et al. 2010; Liu et al. 2011;
Rasmussen et al. 2014). The so-called “CONUS simula-
tions” expand the limited Colorado Headwaters computa-
tional domain to nearly North American scale and allows
us to compare and contrast snowfall and snowpack in the
various major mountain barriers (Liu et al. 2017). Details
of the simulation are given in Liu et al. (2017). In the

following we briefly describe the model setup and numeri-
cal simulations.

2.1 Setup

The Weather Research and Forecasting (WRF) model Ver-
sion 3.4.1 was configured with a domain size of 1360x 1016
points, using a 4-km spacing to cover the CONUS and por-
tions of Canada and Mexico (Fig. 1a). The total domain size
is 5440 km in the east-west and 4064 km in the north—south.
There are 51 stretched vertical levels capped at 50 hPa. The
parameterization schemes employed are the Thompson
microphysics (Thompson and Eidhammer 2014; Thompson
et al. 2008), the Yonsei University (YSU) planetary bound-
ary layer scheme (Hong et al. 2006), the Rapid Radiative
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Transfer Model (RRTMG) (Iacono et al. 2008), and the
improved Noah-MP land-surface model (Niu et al. 2011).
Additionally, spectral nudging is applied and an upgraded
lake water temperature treatment is implemented.

2.2 Numerical experiments

Two 13-year numerical experiments were conducted using
the National Center for Atmospheric Research (NCAR) Yel-
lowstone (CISL 2017) computational resources provided
by a NCAR Computation Information Systems Labora-
tory scientific computing grant. The first experiment was
a retrospective/control simulation intended to reproduce
the observed weather and climate between 1 October 2000
and 30 September 2013. This simulation was forced with
6-hourly 0.7-degree ERA-Interim reanalysis data (Dee et al.
2011). Tests showed acceptable results when WRF at 4-km
grid spacing is one way nested with the ~75 km resolution
reanalysis data (Liu et al. 2017).

The second simulation was a perturbation or climate
sensitivity experiment, closely following the Pseudo Global
Warming (PGW) approach used in prior Colorado Headwa-
ters work (Rasmussen et al. 2011, 2014) and is described
in detail in Liu et al. (2017). This 13-year future simulation
was forced with 6-hourly ERA-Interim reanalysis (October
2000-September 2013) plus a climate perturbation:

WRFinput = ERA - Inter1m2000_2013 + ACMIPSRCPSS (1)
where ACMIPSgpg 5 is the 30-year CMIP5 multi-model
ensemble-mean monthly change signal under the RCP8.5
emission scenario:

ACMIPSgepg s = CMIPS570_5099— CMIP5, 976 5005 2)

In order to minimize the influence of unforced natural
climate variations and model-errors in quantifying the forced
climate response to future GHG forcing, an ensemble-mean
monthly climate change forcing was created from 19 CMIPS5
models selected on the basis of their horizontal grid reso-
lution and performance in simulating the North America
climate for the late twentieth century (see Table 1 in Liu
et al. 2017 for the selected models). The use of a multi-
model ensemble mean forcing improves the single-model-
run method applied in our prior PGW simulations (e.g.,
Rasmussen et al. 2011). The 19 CMIP5 model ensemble
mean climate difference at 700-hPa between 1976-2005
and 2070-2099 showed comparable climates as evident by
rather weak wind and geopotential perturbations (Fig. 2 in
Liu et al. 2017), i.e., weak circulation changes. While the
PGW approach does not capture sub-monthly variability of
future storm tracks, examination of current climate storm
tracks from each CMIP5 model and associated precipitation
over North America (Deser et al. 2012) shows significant
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differences between each model, while the future tempera-
ture and moisture changes predicted by each model shows
strong commonality. The PGW approach focuses on the
thermodynamic changes predicted by global climate mod-
els and thus takes advantage of the fact that temperature and
moisture changes are relatively robust from model to model.
The approach can be viewed as a way of answering the
question: “What would the weather of the current climate
look like under a future warmer and moister climate?”.

3 Verification

The Newman et al. (2015) ensemble of gridded observations
were used to verify the model simulations for the current cli-
mate. The unique aspect of this ensemble is that it takes into
account observational uncertainties. The ensemble was gen-
erated by probabilistic interpolation of in situ station obser-
vations and includes terrain impacts (e.g., elevation and ter-
rain slope) on the spatial distribution of precipitation and
temperature. This dataset is a 100-member ensemble of daily
precipitation and temperature on a 1/8-degree grid (~ 12 km)
and at the time was available for the period 1980-2012 and
has since been updated to 1980-2016 (http://dx.doi.org/10.
5065/D6THS8JR?2). The comparison between model and grid-
ded ensemble showed that the temperature and precipita-
tion over the western U.S. were within the uncertainty of
the ensemble. For further details of the verification of the
CONUS simulation see Liu et al. (2017).

The model performance for this study is evaluated by
comparing the model snowfall and snowpack in terms of
snow water equivalent (SWE) to observed SNOTEL data
(Serreze et al. 1999; http://www.wcc.nrcs.usda.gov/snow/).
SNOTEL observations provide a long-term record of pre-
cipitation from weighing precipitation gauges and snow-
pack from snow pillows (photos in Fig. 1b) at over 800
sites throughout the western U.S., with 573 sites operating
throughout the simulation period 1 October 2000-30 Sep-
tember 2013 (colored dots in Fig. 1b). These sites are owned
and operated by the Department of Agriculture Natural
Resource Conservation Service (NRCS) and are in moun-
tainous areas at elevations between ~ 600 and 3600 m above
mean sea level. Precipitation measurements are given in
2.54 mm increments. Although this data resolution is insuf-
ficient for examining hourly precipitation and snowfall, the
measurements provide a valuable observational source for
longer term comparisons (daily and longer). The data have
been widely used in the past for climatological studies and
comparison to model simulations (Mote et al. 2005; Ikeda
et al. 2010; Rasmussen et al. 2011, 2014). Model values to
compare to SNOTEL data are the inverse-distance weighted
average of the four closest grid points from each SNOTEL
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site location. Other interpolation schemes were tested and
the results were independent of the method used.

A primary SNOTEL measurement error is the under-
catch of snowfall due to wind (Yang et al. 1998; Rasmussen
et al. 2012). However, SNOTEL gauges are typically located
in forest clearings where the wind speed is typically less than
3 m s~! (Rasmussen et al. 2012). For such wind speeds, a
snowfall under-catch of ~ 10 to 15% is observed for single
Alter shielded gauges (e.g., Yang et al. 1988). In regards to
snowpack measurements using snow pillows, Meyer et al.
(2012) found that sites at lower elevations of the Interior
West and Cascade Mountains were less likely to experience
an overestimate of snowpack, while high elevation sites in
the Rocky Mountains and Utah, where dry snow is often
observed, can be affected by wind drifting. The SNOTEL
data used in this study were quality controlled to eliminate
obvious cases of wind drift and other artifacts.

4 |dentification of the eight primary
mountain ranges and SNOTEL verification

4.1 Eight primary mountain ranges and associated
locations of SNOTEL sites

Figure 1b identifies the eight major western mountain ranges
chosen for detailed analysis in this study. These ranges were
chosen because of their prominence in terms of snowpack
and water resources as well as by the availability of SNO-
TEL data and are similar to the ranges chosen for analysis
by Mote et al. (2005). The span of elevations, locations, and
the number of SNOTEL sites used in each range are given
in Fig. 1b and Table 1.

Note that most SNOTELSs in the Blue Mountains in
eastern Oregon and Washington (i.e., inter-mountain west,
Range 3) are located at elevations between 1100 and 2400 m,
while gauges in the Pacific Northwest (Range 1) are located
between 500 and 2200 m. The SNOTELSs in the central

Sierra Nevada (Range 2) are located up to 3000 m and other
ranges further inland have sites at even higher elevations.

4.2 Verification of the WRF control run for present
climate using SNOTEL data

Figure 2 compares the 13-year average annual precipitation
and SWE accumulation at each of the ranges from the WRF
retrospective simulation and the SNOTEL gauges averaged
over all the SNOTELSs in each range. The uncertainty bars
indicate the standard deviation of the 13-year annual means
of the SNOTEL observations and WRF model simulation.
The SNOTEL precipitation maximizes over the Pacific
Northwest (an average annual precipitation of 1700 mm),
while all the other ranges have typically less than half that
amount. The annual snowpack maximum in the Pacific
Northwest, however, is near 600 mm consistent with the
lower elevations and warmer conditions, causing much of
the precipitation in the Pacific Northwest to fall as rainfall
that does not accumulate in the snowpack.

The comparison of precipitation from the SNOTEL pre-
cipitation gauges (dashed black) and the WREF precipita-
tion (dashed red) is very good, with the mean of all ranges
within 10% of each other with the exception of Range 8,
and the annual standard deviation nearly the same in the
model and observations (Table 2). The recent study by Beck
et al. (2019) provides an independent evaluation and also
shows excellent performance of the model with regards to
precipitation.

The comparison between SWE from the SNOTEL snow
pillows and WRF model is also very good, but not as good
as for precipitation. While the average last day of seasonal
snowpack (SWE =0 mm) from the WRF model well repre-
sents the observations (Fig. 2), the model shows a systematic
negative bias in peak SWE in all ranges from — 9% in the
best case and — 56% in the worst case (Table 2). Note that
the date of maximum SWE in both the model and observa-
tions are well matched except for Region 6 (Utah).

Table 1 Eight primary mountain ranges, number of SNOTEL sites and elevation range used in this study

Range ID Mountain range, state Number of sites Elevation range (m)
1 Pacific Northwest in Washington and Oregon 81 515-2243
2 Central Sierra Nevada in California 25 1864-2931
3 The Blue Mountains in eastern Oregon and Washington 24 1158-2411
4 Mountains in Idaho and eastern Montana 106 939-2902
5 Mountains in south-central Montana and western Wyoming 105 1792-3079
6 Mountains in Utah 73 1777-3342
7 Mountains in Colorado and north-central New Mexico and southern 105 2268-3542
Wyoming
8 Mountains in Arizona and western New Mexico 19 1865-2966
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Fig.2 Time history comparison of precipitation accumulation and
annual cycle of SWE from the 13-year mean SNOTEL measurements
and WREF current climate simulation averaged over SNOTEL sites in
the eight sub-domains shown in Fig. 1b and over all SNOTEL sites

in the Western U.S. shown in Fig. la. The vertical bars indicate one
standard deviation from the 13-year mean. Numbers in parenthesis
are the number of SNOTEL sites included in each comparison

Table2 WRF model root mean squared error and percent bias of 13-year mean annual precipitation and maximum SWE with respect to SNO-

TEL measurements in each sub-region and all of Western U.S. sites

Region1 Region2 Region3 Region4 Region5 Region6 Region7 Region8 Allsites
Annual precipitation RMSE (mm)  137.4 50.7 87.4 74.8 34.1 90.6 90.1 181.01 34.7
Annual precipitation percent bias 6.9 -2.6 9.7 - 6.8 —0.05 -94 9.0 18.8 0.6
Peak SWE RMSE (mm) 717 184.7 42.0 127.0 98.3 190.7 103.7 113.6 121.7
Peak SWE percent bias —-10.8 -26.3 -9.1 -23.1 - 234 —43.4 -2438 —-56.3 -26.2

To understand Region 6 behavior further, SNOTEL
sites in Region 6 (Utah), in particular, were reviewed in
detail. First of all, we confirmed that the microphysics
scheme was producing snow when the SWE and precipi-
tation field in the SNOTEL were also indicating snow as
evident by both increasing proportionally.
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Second, we examined the snow model in NOAH-MP.
For most of the SNOTEL sites in Utah, the model melted/
sublimated snow earlier than the observations, suggesting
that the Noah-MP Land Surface Model (LSM) did not cor-
rectly handle the snow ablation process. The tendency for
the Noah-MP LSM to underestimate SWE due to higher
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snow ablation rates is consistent with the finding in Xiao
et al. (2021). They examined the ability of several hydrologi-
cal models (including Noah-MP LSM) to simulate observed
snowpack during the snow ablation period and found that all
the models produced snow ablation earlier than the ten SNO-
TELs sites chosen for their study and that this tendency was
more correlated to net radiation in the model than surface
temperature. Modeling the snowpack life cycle is challeng-
ing for snow models to represent but this analysis provides
some hints on possible improvements. We hope to further
investigate this behavior in future studies.

Liu et al. (2017) showed that the WRF simulations well
capture the spatial distribution of SNOTEL-observed annual
and seasonal precipitation (their Fig. 8). Overall, the perfor-
mance for both precipitation amount and SWE is reasonable
for all the ranges (except possibly Utah) and adequate for
studying the change in future precipitation and snowpack
in future climate, especially considering that any small bias
related to the absolute amount of precipitation or SWE will
be removed when the results are subtracted from each other.
Although the elevation over which the computation is made
is limited, these sites were chosen to represent and monitor
high-elevation watershed snowpack and thus represents a
large mass fraction of snowpack for a given mountain range
(https://www.wcc.nrcs.usda.gov/about/mon_automate.html).

5 Future projected changes of temperature,
precipitation, snowfall, rainfall
and snowpack over the western U.S.

5.1 Temperature and precipitation
The near surface PGW future temperature over the western

U.S. (Fig. 3a) shows a nearly uniform ~4 °C annual increase
over the entire western U.S. for the RCP8.5 scenario,

(a) Near-surface temperature change

o

O = N W D U1 OVN 00O —
PGW - Current (C)

consistent with the CMIPS5 model ensemble mean predic-
tions of the same (Liu et al. 2017, their Fig. 14).

The trend in precipitable water (Fig. 3b), shows a large
increase of >40% (~ 10% °C~") in the future climate over the
west, significantly more than the 25-35% predicted by the
WRF model in the eastern U.S. and expected by the 7% °C™!
water vapor-to-temperature relationship characterized by the
Clausius-Clapyron (C—C) equation. This result is consistent
with the pattern of CMIP5 model monthly mean increase of
water vapor pattern over CONUS for the RCP8.5 scenario
(Dai et al. 2017). The largest increases of precipitable water
in the WRF simulation are observed to occur over the high-
est terrain, with values up to 50% over the Sierra Nevada
and Rocky Mountains.

Somewhat surprisingly, the future increase in annual pre-
cipitation over the western U.S. is on average only ~ 18%
or~3.9% °C~! (Fig. 4d), much less than the 40% increase
predicted for precipitable water. The hatching in Fig. 4d indi-
cates that this increase is statistically significant at the 5%
significant level from the Student’s t-test. Seasonal analysis
(Fig. 4) reveals that this increase is primarily from winter
storms. Locally, however, this increase can be modulated
due to mesoscale and microphysical effects; later sections
will describe these effects in detail.

5.2 Snowfall

The PGW future projected change in mean snowfall over
the western U.S. on an annual basis is for a~40% decrease
(Fig. 5a). Much of this statistically significant annual
decrease occurs in the autumn, winter and spring in regions
west of Colorado, Wyoming, Montana and New Mexico
(Fig. 5d, f, h, j). This latter region is predicted to have
enhanced snowfall in the winter, resulting in significantly
less snowfall loss on an annual basis.

During the central three months of winter (DJF, Fig. Sc,
g), mean snowfall decreases west of Colorado, Wyoming

(b) Precipitable water change
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Fig.3 Change in the 13-year mean a near-surface temperature (°C) and b column-integrated precipitable water (%) in the future climate simula-

tion with respect the current climate simulation
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«Fig.4 13-year mean annual and seasonal precipitation from the a
current (CTRL) and b future (PGW) climate simulations. 13-year
average annual and seasonal (c¢) change (mm) and d percent change
with respect to the current climate simulation. Hatched areas are the
regions where the change signals are statistically significant at a 0.05
significance level. Red rectangles enclose eight sub-regions

and Montana by ~50% in response to increased conversion
of snow to rain associated with temperatures in most of these
regions becoming > 0 °C (e.g., in coastal region and at lower
elevation), while snowfall increases by ~ 11% in the inter-
mountain west from Colorado northward due to the rela-
tively colder conditions at those locations during mid-winter,
including the colder conditions present in the inter-mountain
west mountain ranges due to their relatively high elevations.

The decrease in snowfall west of Colorado, Wyoming and
Montana is statistically significant, while the increase is sta-
tistically significant over Colorado, Wyoming and the Cana-
dian Rockies and Saskatchewan, consistent with increased
moisture and cold conditions in this region even for a 4 °C
warmer climate.

5.3 Rainfall

The projected future mean annual rainfall (Fig. 6) shows
an overall increase of ~130% over much of the west, with
statistically significant increases of > 100% over the Cascade
Mountains in Washington and Oregon and as high as~300%
in the Sierra Nevada Mountains in California. Most of this
increase occurs during the winter and spring and in the pre-
cipitation shadow regions (Fig. 6c, d, g, h).

These results indicate that one of the primary impacts of
climate change in the west as depicted by the PGW approach
with the RCP 8.5 scenario is the conversion of snowfall to
rainfall over major mountain ranges near the Pacific Ocean.
In these regions the average monthly winter temperature is
close to 0 °C prior to climate warming and thus any future
warming will convert much of the precipitation that was
snowfall into rain.

5.4 SWE

The conversion of snowfall to rainfall and the higher temper-
atures in a future climate will impact the formation of snow-
pack. Figure 7 shows the projected change in the 1st April
snowpack over the western U.S. using the PGW approach.
The general features show large decreases between 40 and
100% with an average of ~80%. The largest decreases are
at lower elevations over the coastal mountain ranges. The
reduction is smaller over the mountain ranges in the inter-
mountain west (<50%). The smallest changes are found
over high peaks of the mountain ranges in Colorado and
Wyoming (< 20% reduction). Since the projected change

in SWE subtracts the future SWE from current SWE, any
small biases should be removed. However, the absolute bias
in Region 6 (Utah) is fairly large (Table 2), so application
of the current results to Utah should take this caveat into
account.

6 Future projected changes of precipitation,
snowfall, snowpack and temperature
over the eight western U.S. major
mountain ranges

Figure 8 presents the snowpack and precipitation time series
from the eight mountain ranges averaged over all SNOTEL
sites in each respective range (Fig. 1b) for the current and
future simulations. The absolute SWE amounts for the
historical simulations compare well to the observed SWE
except for Region 6 (Utah). Thus, reliance on results from
this region show take this caveat into account.

The future precipitation is projected to increase by ~ 10%
at all the ranges, except for Range 1, as shown by the two
dashed curves (black for current and red for future) and
Table 3a.

The Pacific Northwest Range (Range 1) is notable for
having at least double the annual precipitation compared to
the other seven ranges. However, it does not have double the
snowpack (indicated by the solid lines, black for current and
red for future). The current climate snowpack in the Pacific
Northwest Range is less than 60% of the precipitation by
April 1st (the end of typical snow accumulation period),
indicating that a large fraction of the precipitation from
October to April is rain or that significant melting of the
accumulated snowfall has taken place at elevations where
SNOTEL sites are located. This is also true to a lesser degree
for the Sierra Nevada (Range 2), Blue Mountains (Range
3), and Idaho (Range 4). Due to the lower elevations and
location closer to the Pacific Ocean, the coastal mountains
and Idaho are warmer than the inter-mountain west and thus
have a larger fraction of rain and snowmelt (Fig. 8; see also
seasonal temperature in each range from Table 3b).

In contrast, the snowpack in the current climate from
Montana, Wyoming, and Colorado ranges (Ranges 5 and
7) is just slightly less than precipitation in that region until
it reaches the maximum in SWE, after which the SWE
decreases with respect to the precipitation, indicating that
most of the falling precipitation is snow and remains in the
snowpack. This is a result of very little of the precipita-
tion taking the form of rain and the average temperatures
being <0 °C (Table 3b, Fig. 8).

In the future, as a result of warming being more or less
geographically uniform (Fig. 3a), more rain is expected to
occur in the coastal mountain ranges because they start out
warmer, leading to less snowpack. For instance, the Pacific
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Northwest, Sierra Nevada, Blue Mountains, and Idaho
(ranges 1-4) all show between 45 and 70% reduction in the
maximum snowpack by the late 21st Century (Fig. 8). The
most extreme reduction is in the Pacific Northwest where
a reduction in peak snowpack of 70% is predicted. In con-
trast, the inter-mountain west ranges (ranges 5—7) show
only 23-40% reduction in the peak snowpack, except at the
Southwest (range 8) where the current climate snowpack is
already very small and the peak snowpack decreases by 65%
in the future simulation.

In inter-mountain west ranges the snowpack accumulation
curve (red solid line) follow close to the current snowpack
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g—j are the same as c—f but showing percent change. Areas of statisti-
cally significant change are indicated by hatches

accumulation curve (black solid line) until it reaches the
maximum, indicating that the future temperature in these
ranges stays mostly <0 °C (Table 3b, Fig. 8) during this time
period. In all ranges, the future climate peak snowpack dates
are earlier than the current climate by 20-30 days.

After April 1st more significant impacts of a warming
climate are noted likely due to the combined effects of the
spring temperatures being closer to 0 °C and the presence
of a snow albedo feedback during this period (Minder et al.
2016). Figure 10 further reveals that snowpack melts com-
pletely in the future spring about one month earlier than the
current spring in the PGW future climate simulation.
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7 Seasonal changes in the current
and future snowfall and snowpack
across the mountain ranges of the western
u.s.

Analysis of the seasonal changes of current and future
snowfall and snowpack across the mountain ranges of the
western U.S. are examined by comparing the annual cycle
of precipitation, rainfall, snowfall, and 2-m temperature at
SNOTEL sites in the eight mountain ranges (Figs. 9, 10).

Precipitation

Precipitation is noted to maximize in the ranges on the
Pacific coast (ranges 1-2) predominantly in the winter
months associated with Pacific storm occurrences at that
time (Fig. 9a, b). In contrast, precipitation accumulates
nearly uniformly across the year in the interior and conti-
nental mountain ranges of the western U.S (e.g., Fig. 9¢).

Future changes in precipitation reflect these patterns as
well, with more precipitation in the winter months for the
ranges along the mountains along the Pacific coast, and
more uniformly across the year for the intermountain west
(Fig. 9). There is a net positive change in the annual future
precipitation over all ranges at SNOTEL sites.
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Fig.7 a Absolute change and b
percent change of the 1st April
snowpack (SWE) associated
with the PGW approach using
the RCP8.5 scenario

(b) Percent Change in SWE on 1st April
_ N —

PGW - CTRL (mm)

7.1 Snowfall

Snowfall occurs at all the mountain ranges from October to
May, with a maximum in December for the Pacific coastal
ranges but not the intermountain west—a similar trend to the
precipitation annual cycle (Fig. 9d, f). Snowfall decreases
over all ranges with the larger negative change for the Pacific
coastal ranges and weaker negative change for the inter-
mountain west in the future climate (Fig. 9).

7.2 Rainfall

Rainfall largely reflects the precipitation seasonal pattern
in the Pacific coastal ranges, with a maximum in the winter
months (Fig. 9¢g, h), while the inter-mountain ranges rainfall
maximizes in the spring (range 4-5) and summer (ranges
6-8) with nearly no rainfall in the winter (e.g., Fig. 9f).
For all ranges, there is a net positive change in the future
annual rainfall. Rainfall in the future climate simulation
increases in the Pacific coastal ranges in winter and spring,
with a maximum increase in the winter. The rainfall in the
inter-mountain west increases throughout the winter and

spring.
7.3 2-m Temperature

The above behaviors can largely be explained by com-
paring the time series of 2-m temperature at the vari-
ous ranges (e.g., Fig. 10). The 2-m temperature in the
coastal ranges is close to 0 °C in the current climate
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during the winter when precipitation is maximum, but
2—-4 °C higher in the future climate. As noted earlier, this
higher temperature results in a larger fraction of snowfall
converting to rain in the winter, and more rapid melt-
ing of snowpack in the future climate. In contrast, the
temperature in the inter-mountain west (e.g., Colorado
shown in Fig. 10c) is 2-5 °C below 0 °C in the winter
time, and only moves above 0 °C in the early spring in the
current climate simulation. The future 2-m temperature
in these inter-mountain west ranges increases to~0 °C
during the winter, and thus their overall climate becomes
similar to the present-day climate of the Pacific coastal
ranges. This means that most of the snow does not melt
to rain, and that snowpack melt starts a month earlier in
the spring, as mentioned earlier, when the ambient tem-
perature moves above 0 °C and snow albedo feedbacks
are strong (Minder et al. 2016). As a result, there is a
relatively smaller reduction in the peak snowpack in the
inter-mountain west in the future simulations while in the
Pacific coastal ranges the snowpack is reduced by up to
70% depending on the range.

Although the Sierra Nevada Range (range 2) is located
further south of the Pacific Northwest (range 2), its snow-
pack is only decreased by ~45% compared to the Pacific
Northwest (range 1) peak snowpack decrease of ~70%. This
likely occurs because the higher elevations of the Sierra
Nevada range (up to 3000 m) compared to the Pacific North-
west mountain range (~2000 m) and the associated lower
temperatures for these mountains maintaining more snow-
pack than in Range 1. In the future climate, the temperatures
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are 3—4 °C higher in both ranges, leading to more melting
in the Pacific Northwest than the Sierra Nevada. A sec-
ond possible factor is that the Pacific Northwest increase
in rainfall is over 100 mm more than the Sierra Nevada’s
(Pacific Northwest rainfall accumulation is 300 mm while
Sierra Nevada accumulation is 200 mm), causing more rain-
on-snow melting in the Pacific Northwest than the Sierra
Nevada (Musselman et al. 2018).

8 Mesoscale and microphysical dependence
of climate change over the Pacific coastal
mountain ranges

In contrast to the inter-mountain west ranges, maximum
precipitation does not form at the highest elevations in the
Pacific coastal ranges but along the slopes of the upstream
region of the barrier about 2/3 of the way up its slope. This
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Table 3 (a) Future percent change in annual precipitation at SNOTEL
sites in each sub-region associated with Fig. 1b. (b) 13-year average
seasonal mean 2-m temperature and the April 1st 2-m temperature

(°C) from the current (CTRL) and future (PGW) climate simulations
in corresponding sub-regions

(2)
Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Region 7 Region 8
5.8 12.1 10.5 9.3 13.7 15.0 10.4 13.7
(®)
Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Region 7 Region 8
DJF2-m T CTRL -04 -1.7 -2.8 -6.0 -95 -6.7 -9.6 0.4
PGW 32 2.0 1.1 -20 -52 -24 -52 52
MAM2-m T CTRL 6.4 52 6.2 4.6 2.0 45 2.6 11.8
PGW 10.3 9.7 10.1 8.7 6.4 9.3 7.5 16.7
JJA2-mT CTRL 18.9 19.2 20.2 19.6 17.9 19.6 16.4 21.8
PGW 242 247 26.0 25.4 237 25.1 21.8 26.6
SON2-m T CTRL 9.6 9.7 8.8 6.4 3.7 6.5 3.4 12.2
PGW 14.2 15.2 13.9 11.8 9.5 12.3 9.5 17.5
April 1st2-m T CTRL 3.7 4.8 39 29 0.5 33 1.4 11.6
PGW 7.5 9.0 7.8 6.7 44 7.5 5.6 16.1

is due to the strong blocking of the flow by the relatively
tall Cascade and Sierra Nevada mountains, preventing the
low-level moisture laden air from the Pacific from flowing
over the barrier. The blocking process results in a southerly
barrier jet forming during precipitation events in both the
Sierra Nevada range in California (range 2) and in the Cas-
cade ranges of the Pacific Northwest (range 1) (Rasmussen
et al. 1988; Garvert et al. 2005a, b; Hughes et al, 2012).

The dominance of this barrier jet during precipitation
is evident in our results for both range 1 and 2 (Fig. 11a,
b). The spatial distribution of total surface precipitation for
the two ranges in Fig. 11c, d show that the precipitation
maximizes about 2/3 of the way up the upstream side of the
mountain and not at the mountain top. This is due to the bar-
rier jet being confined to the mid-levels of the barrier in both
ranges. This is shown for the Sierra Nevada in Figs. 12 and
13 along the southern (A—A') and northern (B-B’) vertical
cross-sections, respectively, marked in Fig. 11d. In particu-
lar, the bottom two panels in Figs. 12 and 13 clearly show
that the maximum flux of water vapor transported northward
is by the barrier jet at these two locations.

The dominant process leading to the precipitation and
snowpack distribution in the current climate is the updraft
and downdrafts formed as the barrier jet flows over the
ridges and valleys associated with the river valleys on
the western side to the barrier (Rasmussen et al. 1988;
Garvert et al. 2005a, b). This can be clearly seen in the
northwest to southeast cross-section of precipitation (C—C'
in Fig. 11d; Fig. 14) taken parallel to the barrier jet in
the Sierra Nevada’s (range 2). Each ridge and valley pro-
duce an increase/decrease in snowfall associated with the
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updraft/downdraft couplet. This process was documented
by Garvert et al. (2005a, b) using aircraft and radar data
from the recent IMPROVE II field program over the Ore-
gon Cascades and simulated by high resolution model
simulations by Rasmussen et al. (1988).

This fundamental precipitation process needs to be cap-
tured in order to accurately simulate climate change impacts
on precipitation over these important ranges. Two main fac-
tors are important: (1) the blocking of the flow by the higher
mountains, (2) the local precipitation process created by the
local updrafts/downdrafts over ridges/valleys. These two fac-
tors lead to the maximum precipitation to occur significantly
below the peak of the range. Thus, precipitation processes
start at higher temperatures than may be expected from, say,
coarse resolution climate models that do not capture either
the blocking effect of the flow as a result of the lower moun-
tains modeled nor the local production of precipitation from
the local ridges and valleys encountered by the barrier jet.

The future climate PGW model results do not signifi-
cantly change the storm scale flow. Thus, the main climate
change effect in the PGW simulation in this region is an
increase in moisture and temperature. The increase in mois-
ture results in a larger flux of moisture along the upstream
side of the barrier (bottom panels in Figs. 12, 13), and the
increase in temperature leads to a higher melting level and
as a consequence more rain than snow. The main impact
of the increased moisture flux in the southerly barrier jet is
to increase the precipitation over each ridge/valley couplet
encountered by the jet (Fig. 14). The relative increase over
each ridge/valley couplet is summed over the range to obtain
the net climate change impact of the range. For the Sierra
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Fig.9: 13-year mean annual cycle averaged over all model grid
points in Pacific Northwest (Range 1, left column), Sierra Nevada
(Range 2, center column), and Colorado/Southern Wyoming (Range
7, right column) of a—c precipitation, d—f snow, and g-i rain. Bars
indicate average monthly amount from current (CTRL, blue bars)
and future climate (PGW, red) simulations. Error bars indicate + one

Nevada and Cascade ranges (ranges 2 and 1), this is 5-8%
C~! for DIF.

Note that the location of the maximum precipitation along
the slope does not change much, but that the fraction of rain
is significantly increased due to the higher temperatures.
While this is expected, the amount of increased rainfall is
not solely due to melting of enhanced amounts of snow, as
the snow mixing ratio change does not equal the rain mix-
ing ratio change over the barrier (Figs. 12, 13). Rather, the
enhanced moisture flow enhances the cloud water content
over each ridge/valley (Q, panels in Figs. 12, 13), leading
to efficient growth of the rain drops as they fall through this
region. The growth is enhanced in the future climate due

02 03 04 05 06 07 08 09
Month Month

0l n n "
10 11 12 01 02 03 04 05 06 07 08 09

standard deviation associated with the 13-year mean representing the
year-to-year variation. Cyan solid lines are the accumulated differ-
ence between future and current climate. Green lines with solid cir-
cles are the monthly mean difference between the two climate simula-
tions

to the deeper cloud water region. This is reflected in the
enhanced precipitation shown in the current and future pre-
cipitation amounts along the cross sections in Fig. 15.

9 Comparison to previous studies

While specific mountain ranges in the western U.S. have
been studied at high resolution (Hughes et al. 2012; Sun
et al. 2015), and in aggregate (Chenglai et al. 2018, for
example), the current study represents one of the first
attempts to examine impacts of climate change on snowfall
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Fig. 10 Same as Fig. 9, but for average 2-m temperature

and snowpack across all the mountain ranges of the west-
ern U.S. with a fine model grid spacing of 4 km.

While the number of high resolution modeling stud-
ies over the western U.S. have been few, there have been
a fair number of Global and Regional Modeling studies
conducted for this region and it is of interest to compare
the current results to these coarser resolution studies
(e.g., Pavelsky et al 2011, 2012; Kapnick and Hall 2012;
Hughes et al. 2012; Salzman and Mearns 2012; McCrary
et al. 2017; Rhoades et al. 2017; Chenglai et al. 2018).
As noted by Rhoades et al. (2017), these previous studies
have shown that under global climate change projections
for the coming century, temperatures will rise, snowpack
totals will decline and higher precipitation-to-snowfall
ratios will occur. While our high-resolution simulation
predicts the same trends, the details vary. In the following,
we compare our high resolution WRF simulations using
the PGW approach to the Rhoades et al. (2017, hereafter
RUZ) variable resolution simulation. We chose this study
to compare with as it examines the RCP8.5 future scenario
out to 2100 as in the current study.

RUZ deployed a 28-km grid spacing mesh over the West-
ern U.S., —seven times coarser than the current grid spacing
but much finer than the overall global climate model resolu-
tion of ~ 100 km. The topography was smoothed to 28 km,
but scaled in height so that the maximum height of the eleva-
tion was 3274 m over the entire western domain (see RUZ
for more details on the treatment of topography). As a result
of the smoothing, updrafts and downdrafts associated with
local peaks and valleys are not properly simulated as dis-
cussed by Rasmussen et al. (2011) and noted in RUZ and
Chenglai et al. (2018). While snowfall and snowpack may
be well simulated over regions on order of 100’s of kilom-
eters consistent with the topographic smoothing and model
resolution, finer scale snowfall and snowpack are likely not
well simulated at 28 km coarse resolution (Ikeda et al. 2010;
Rasmussen et al. 2011, 2014).
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The RUZ study focused on the combined dynamical and
thermodynamical impacts of climate change on orographic
precipitation in the western U.S. through an ensemble of
simulations. The interesting result from this study is that
they predict the mean ensemble precipitation to increase
by ~ 15% over the 100-year future period associated with
RCP8.5. The current study estimates precipitation increases
of similar magnitude (~ 18%), and thus even though the cur-
rent results are essentially only one ensemble member rep-
resenting thermodynamic changes, the overall precipitation
enhancement is similar. The unique aspect of our simulation
is a focus on resolving mesoscale and microphysical pro-
cesses, allowing for a reasonable depiction of how current
climate snowfall and snowpack may change in the future
due to thermodynamic effects. Our future work will extend
this approach to at least one other global model ensemble
member in order to capture some of the dynamical changes
associated with increased GHG effects.

To examine the elevation dependence of the coarse reso-
lution simulations in the 28-km simulations, RUZ interpo-
lated the 28-km output to a 4-km grid in contrast to the
current results that directly used dynamically downscaled
output at 4 km without interpolation.

In contrast to the reasonable simulation of snowpack
throughout the western U.S. in the present WRF simulation,
snowpack is poorly simulated as compared to SNOTEL data
in the RUZ study.

The advantage of the variable mesh GCM approach, how-
ever, is that many simulations can be performed to sample
the natural variability and climate modes of the system.
While our study also examined the same RCP8.5 scenario,
only one simulation for the future climate was possible due
to the large amount of computer time required.

The use of high resolution in the current study was shown
to provide excellent estimates of historical climate snowfall
and snowpack throughout the domain at fine spatial and ver-
tical resolution as a result of resolving the main topographic
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Fig. 11: 13-year average DJF 10-m wind vector from a Pacific North-
west (region 1) and b Sierra Nevada (region 2) and 13-year average
DIF precipitation from ¢ Pacific Northwest and d Sierra Nevada.
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Sierra Nevada : W - E Cross Section A-A’
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Fig. 12 West—east vertical cross section along A—A' on Fig. 11 show-
ing vertical velocity, rain mixing ratio, snow mixing ratio, cloud mix-
ing ratio, and meridional water vapor flux from a CTRL, and b PGW

forcings of the snowfall and rainfall (Rasmussen et al. 2011;
Beck et al. 2019) and mesoscale processes without inter-
polation or statistical downscaling, and thus the estimate
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for snowfall and snowpack for the chosen future climate is
viewed with relatively high confidence.

The future change in April 1% snowpack from the variable
GCM over the five Western U.S. mountain ranges that RUZ
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Fig. 13 Same as Fig. 12, but for the northern west—east cross section along B-B' indicated on Fig. 11

defined (slightly different than the current eight ranges) was
— 69% while the current study found between 30 and 70%
decrease in the April 1st snowpack depending on the Range,
and similarly in the seasonal peak snowpack for a slightly
different definition of eight mountain ranges (Figs. 7, 10).

Thus, while both studies indicate a decrease in snowpack,
RUZ estimates a larger decrease than the current results.
Upon further review of the RUZ results in comparison to
the current 4-km simulations, we note that the snowfall and
snowpack decrease with height in the RUZ simulations with
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Fig. 15 a—c 13-year average DJF precipitation, rain, and snow from CTRL and PGW along the three transects shown in Fig. 11

a peak near 1000 m elevation, while in the WRF 4-km simu-
lations snowfall and snowpack increase with height in both
current and future simulations, in agreement with obser-
vations. If the majority of snowfall and snowpack occurs
at lower elevations with higher temperatures, more rapid
melting will occur than if the majority of snow was at high
elevations where it is colder. This was also noted in RUZ as
a problem with their simulations in that too much precipita-
tion was occurring at the leading edge of the topography
and not at higher elevations as observed with SNOTEL and
PRISM. The cause of this behavior was not given by the
authors. As presented in the previous section, the vertical
motion associated with the southerly barrier jet flowing over
ridges and valleys resolved in the 4 km simulation causes an
enhanced climate change signal over the upstream regions of
the Pacific Northwest and Sierra Nevada mountain ranges.
This effect is likely not present in the 28-km simulations.

These results show the importance of capturing the physi-
cal processes leading to updrafts and downdrafts in complex
terrain through appropriately running model simulations at
less than 6 km horizontal grid spacing as shown by Rasmus-
sen et al. (2011) and in the current results.

10 Conclusions

This study shows that snowfall and snowpack are well cap-
tured at the 4-km horizontal grid spacing through compari-
son of the 13-year historical simulation to SNOTEL snow-
fall and snowpack data, providing confidence in the model’s
ability to capture the dominant precipitation processes in
the complex terrain of the western U.S. The analysis of the
simulations allows us to draw the following conclusions:

1. The impacts of climate change in the western U.S. can
be characterized by considering mountain ranges in two
distinct geographic regions: the mountain ranges close
to the Pacific Ocean and those in the inter-mountain
west. The impact of climate changes out to 2100 is dif-

ferent in these two regions and is summarized in the
following.

a.

Mountain ranges near the Pacific Ocean

By the end of the 21st century, snowpack amount,
vertical profile, timing and peak magnitude of run-
off are significantly impacted due to the present-day
temperatures in these mountain ranges being close
to 0 °C during the winter (Table 3b). As a result,
the future temperatures in this region in winter are
above 0 °C, leading to significant reductions in the
April 1st SWE (Fig. 7) and SWE fraction (Fig. 17)
especially in the Pacific Northwest, Sierra Nevada,
and Blue Mountains (panels a, b and ¢ in Fig. 17).
SWE fraction in Figure 17 is defined as the April 1st
SWE divided by the November—March total precipi-
tation, representing the fraction of snowpack com-
pared to total seasonal precipitation (rainfall plus
snowfall) surviving by April 1st. These results show
that, the lower elevations with higher temperatures
of the west coast ranges are largely devoid of snow-
pack by April st in the future 2100 climate. Since
precipitation actually increases in 2100, the precipi-
tation maximum on the upstream side of the western
mountains near the Pacific is mostly rain even in
the winter. As a result, enhanced flooding can be
expected due to the rapid runoff of the enhanced
rainfall as shown in Fig. 16.

The net effect of warming on the mountain ranges
along the Pacific Coast is a reduction in maximum
snowpack of up to ~70% and 2-3 months earlier
onset of significant runoff.

Inter-mountain west ranges

There is a relatively weak impact of climate
change on snowpack in the inter-mountain west
ranges by the end of the 21st Century due to the
relatively cold wintertime temperatures in the pre-
sent-day climate (2-5 degrees below 0 °C; Fig. 10i
and Table 3b). Note that the future climate April 1st
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snowpack at the majority of high elevation locations
(temperatures below — 5 °C) in the inter-mountain
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west ranges (Wyoming, Utah and Colorado) start
at SWE fractions between 0.7 and 1.0 in the cur-
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rent climate (Fig. 17e—g) as indicated by the high
density of points in that region. In the future climate
plot, the SWE curve moves to higher temperatures,
however; temperature at these locations is still lower
than 0 °C, leading to insignificant snowpack melt-
ing and conversion of snowfall to rainfall in these
ranges until the spring when temperature climbs
above 0 °C about one month earlier than current
climate (Fig. 10). As a result, the SWE fraction does
not decrease by April 1st in the future climate as
drastically as the coastal mountain ranges. The onset
of melting in January results in an earlier peak of
runoff by about one month and less runoff in the
summer. Change in net annual runoff is near zero.

2. The analysis presented herein suggests that mesoscale
updrafts/downdrafts associated with flow of a climato-
logically dominant southerly barrier jet over east—west
oriented river valleys in the Pacific coastal region plays
an important role in generating the maximum precipita-
tion along the upstream mountain slope about 2/3 of the
distance to the peak, rather than in the region of high-
est elevation as in the interior western U.S. The barrier
jetis associated with the warm frontal portion of extra-
tropical cyclones impacting the Sierra Nevada mountain
range.

The current study attempts to address how snowfall
and snowpack changes in the western U.S. using a PGW
approach with a convection permitting model simulation
down to 4 km. In essence, the study answers the question
of how the current snowfall and snowpack would look like
in a warmer and moister climate. The results indicate that
by the year 2100 significant changes will occur to snowfall
and snowpack, with larger changes in the mountains close
to the Pacific Ocean.

These projected snowfall and snowpack trends have
already been observed to occur over the past 50-100 years
in the western U.S. (Mote et al. 2005, 2018) in association
with a warmer climate and slightly decreasing precipitation.
This study suggests that the past trend of declining snowpack
and earlier snow melt for the mountains close to the Pacific
Ocean will continue to the point that most of the snowpack
will be gone by 2100 in the Pacific Northwest for the most
aggressive RCP8.5 climate scenario, even if annual precipi-
tation increases by 18%. It should be noted that this study
focusses on the thermodynamic impacts of climate change
in the western U.S. Future studies high resolution studies are
needed to confirm whether this suggestion holds even when
dynamical changes to the flow occur.
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