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Abstract: This study investigates the impacts of climate change on precipitation and snow-
pack in the interior western United States (IWUS) using two sets of convection-permitting
Weather Research and Forecasting model simulations. One simulation represents the
~1990 climate, and another represents an ~2050 climate using a pseudo-global warming
approach. Climate perturbations for the future climate are given by the CMIP5 ensemble-
mean global climate models under the high-end emission scenario. The study analyzes
the projected changes in spatial patterns of seasonal precipitation and snowpack, with
particular emphasis on the effects of elevation on orographic precipitation and snowpack
changes in four key mountain ranges: the Montana Rockies, Greater Yellowstone area,
Wasatch Range, and Colorado Rockies. The IWUS simulations reveal an increase in annual
precipitation across the majority of the IWUS in this warmer climate, driven by more
frequent heavy to extreme precipitation events. Winter precipitation is projected to increase
across the domain, while summer precipitation is expected to decrease, particularly in
the High Plains. Snow-to-precipitation ratios and snow water equivalent are expected to
decrease, especially at lower elevations, while snowpack melt is projected to occur earlier
by up to 26 days in the ~2050 climate, highlighting significant impacts on regional water
resources and hydrological management.

Keywords: regional climate modeling; convection-permitting; pseudo-global warming;
interior western United States; precipitation; snowpack

1. Introduction
The impact of a changing climate on precipitation and snowpack in mountainous

regions is of significant concern due to the critical role they play in regional hydrology and
water resources [1–3]. The western United States is characterized by its diverse climate
and complex terrain, featuring prominent mountain ranges like the Rocky Mountains,
Sierra Nevada, and Cascade Range [4,5]. Studies have shown that, in a warming climate,
there is a widespread decline in mountain snowpack across the western United States [5],
along with reduced streamflow in the Colorado, Columbia, and San Joaquin–Sacramento
basins [6]. Some research attributes these declines in snowpack and streamflow to higher
evapotranspiration (ET) and earlier snowmelt in a warming environment [6,7]. Ref. [2]
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suggested that part of the streamflow decline is also driven by a decrease in wintertime
precipitation at higher elevations.

This study focuses on the interior western United States (IWUS), which covers much
of the mountainous western United States, excluding the West Coast (Figure 1). Water
availability is crucial for the IWUS, as it hosts the headwaters of several major river systems,
including the Colorado, Missouri, and Snake rivers. For instance, the Colorado River
supplies water for irrigation and serves around 40 million people in the southwestern
United States [8]. However, this region is arid, with much of its agricultural and residential
water use dependent on orographic precipitation [9]. The risk of severe droughts in the
IWUS is expected to rise throughout the twenty-first century (e.g., [3]), further restricting
water availability. Accurately modeling changes in precipitation and snowpack, two key
components of the water cycle, is essential as water is a vital resource that impacts nearly
every sector of the local economy, including agriculture and drinking water supply.

Figure 1. Model domain with topography. Four subregions are highlighted as rectangular boxes:
the Montana Rockies (1), the Greater Yellowstone area (2), the Wasatch Range (3), and the Colorado
Rockies (4). Adopted from [10].

Recent studies show that current climate models with relatively coarse horizontal
grid spacing tend to underestimate and poorly resolve snowfall and snowpack due to
the inadequate representation of topography in the IWUS [11,12]. Additionally, accurate
future streamflow estimates depend on correctly simulating both precipitation and ET
because runoff is determined by the balance between these two factors [13]. Consequently,
high-resolution climate models are essential for regions with complex terrain, such as the
IWUS, as they can reduce errors from deep convection parameterizations and provide
more accurate depictions of orography [14]. Recent studies using regional climate models
(RCMs) with a convection-permitting horizontal grid spacing indicate a likely increase in
winter precipitation for the IWUS under warmer climate scenarios [11,12,15,16]. Changes
in snow–rain partitioning and seasonal snowpack evolution are critical in the relatively
arid IWUS [12], yet studies addressing these issues remain limited.

The convection-permitting historical climate simulation, with a 4 km horizontal grid
spacing, presented in [10], accurately captures precipitation and snowpack patterns in
the IWUS. This study builds upon the model framework used in [10] to investigate how
precipitation and snowpack in the IWUS are projected to change under a ~2050 climate,
using a pair of 30-year RCM simulations. The 30-year period is essential to establish stable
climate conditions, including both mean values and distributions. The paper is organized as
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follows: Section 2 outlines the numerical approach, Section 3 presents the results, Section 4
discusses the implications and limitations, and Section 5 summarizes the main findings.

2. Numerical Approach
Two sets of 30-year RCM simulations have been conducted using the Weather Research

and Forecasting (WRF) model: a past climate simulation, serving as the control run, and a
future climate simulation, which will be compared to the control run to examine the impacts
of climate change on precipitation and snowpack. The past and future climate conditions
represent the ~1990s and ~2050s, respectively.

2.1. IWUS Historical Climate Simulation

The 30-year IWUS convection-permitting regional climate simulation (1 October
1981–30 September 2011) was introduced in [10] and is briefly summarized here. The WRF
model version 3.7.1 [17] was applied to the IWUS domain (Figure 1) without nesting.
The computational domain consists of 420 × 410 grid points, with 51 stretched vertical
levels extending to 50 hPa. Convection is explicitly represented rather than parameterized,
as the simulation uses a 4 km horizontal grid spacing to capture detailed terrain features
and allow for convection [18–20].

The WRF model physics options are listed in Table 1. It is important to note that
the combination of the Thompson cloud scheme and the YSU PBL scheme effectively
captures orographic precipitation, the daily minimum and maximum temperatures in the
IWUS when applied in 4 km resolution RCMs [10–12,18,21]. Initial and lateral boundary
conditions were provided every 6 h from the NCEP Climate Forecast System Reanalysis
(CFSR [22]).

Table 1. WRF model physics options for the IWUS historical and future climate simulations.

WRF Physics Parameterization Schemes References

Microphysics Thompson scheme [23]

Radiation Rapid Radiative Transfer
Model (RRTMG) [24]

Planetary boundary layer Yonsei University (YSU)
scheme [25]

Surface layer Revised Monin–Obukhov
scheme [26]

Land surface Noah-MP scheme [27,28]

In [10], the IWUS historical simulation was validated against observational datasets
from SNOwpack TELemetry (SNOTEL [29]) point measurements and the Parameter-
elevation Regressions on Independent Slopes Model (PRISM, with a 4 km horizontal
resolution [30]), focusing on seasonal precipitation, daily precipitation extremes, surface
temperature, and snow water equivalent (SWE). The study demonstrated that WRF ac-
curately captured seasonal temperature patterns across the IWUS. Simulated seasonal
precipitation showed strong agreement with observations, with spatial correlation co-
efficients exceeding 0.85 for PRISM across the entire domain and 0.88 for SNOTEL in
the mountain ranges. Although simulated peak SWE was underestimated compared to
SNOTEL measurements, the spatial pattern of observed SWE was captured by the model
reasonably well.

2.2. IWUS Future Climate Simulation

The 30-year future climate simulation for the IWUS, representing ~2050 conditions,
uses the same reanalysis data (CFSR), domain (Figure 1), and horizontal grid spacing (4 km)
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as the historical simulation described in Section 2.1. However, the WRF input files for initial
and boundary conditions were continuously perturbed using a pseudo-global warming
(PGW) approach. The core concept of the PGW approach is to apply climate change signals
derived from global climate models (GCMs) to adjust the driver dataset for RCMs [31]. This
method has been widely applied in various studies, including those investigating future
changes in orographic precipitation and snowpack in the IWUS [11,12,32] and Western
Canada [19], precipitation changes across the contiguous United States [15], and changes in
precipitation and surface runoff in the southern United States [13].

As shown in Equation (1), the perturbation for this study was calculated based on
the 30-year monthly multi-model ensemble-mean climate signal change, derived from
a 50-year period: 1976–2005 for the past climate and 2036–2065 for the future climate,
as predicted by phase 5 of the Coupled Model Intercomparison Project (CMIP5 [33]) under
the Representative Concentration Pathway (RCP) 8.5 emission scenario [34]. The perturbed
physical fields in the PGW approach include surface fields (sea level pressure and soil
temperature) and 3D fields (temperature, geopotential, specific humidity, and horizontal
wind). As discussed in [11], the PGW technique enables an unbiased assessment of climate
change, relative to current low-frequency variability such as El Niño. This approach is
grounded in the understanding that changes in intra- to inter-annual atmosphere–ocean
teleconnections are not fully understood, and it is therefore more effective to preserve the
low-frequency general circulation patterns and the characteristics of storms entering the
domain.

WRFinput = CFSR + (CMIP52036−2065 − CMIP51976−2005) (1)

Given the large range of climate sensitivity and internal variability inherent in individ-
ual GCMs, the climate change signal from a single model is not considered representative.
Instead, a multi-model ensemble mean climate difference between the past and future
decades is used to quantify climate change driven by greenhouse gas forcing in dynamical
downscaling. Using a multi-model ensemble approach improves upon the single-model
method typically employed in PGW simulations [12]. The selection of 15 GCMs (Table 2)
in this study, to develop the climate perturbation signal, follows the approach of [15], who
chose models based on their ability to simulate the North American climate during the
twentieth century. All of these models have been run for various emission scenarios extend-
ing to 2050 and beyond, with the RCP8.5 scenario being chosen here, as it assumes relatively
little action to reduce greenhouse gas emissions compared to other RCP scenarios [34].
The RCP8.5 scenario has been extensively utilized in climate change research to model
potential future climate conditions under high greenhouse gas emissions [15,19]. The CFSR
reanalysis data was perturbed with this climate change signal every 6 h to provide the
initial and boundary conditions for the WRF model, enabling the simulation of future
climate conditions.

The three most important parameters perturbed using the PGW technique are surface
temperature (ST), sea level pressure (SLP), and 2 m relative humidity (RH). Figure 2 shows
the mean seasonal difference of these three parameters between past (1976–2005) and future
(2036–2065) periods over the study domain from the chosen CMIP5 ensemble members
(Table 2). In comparison, SLP is projected to decrease over the IWUS domain for winter
(DJF) and spring (MAM), with a mean reduction of 0.48 hPa (Figure 2a,d), whereas it is
higher over the domain during summer (JJA), and the domain-average increase is 0.27 hPa
(Figure 2g). As for the fall season (SON), the change in SLP is relatively smaller than the
other seasons, with a mean reduction of 0.10 hPa (Figure 2j). A warming signal is projected
in all seasons with an annual increase of ST 2.8 °C, and summer is projected to have the
strongest warming with a domain-average increase of 3.13 °C for ST (Figure 2b,e,h,k). This
is consistent with the fact that 2 m RH is predicted to decrease in all seasons, whereas a
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maximum decrease is found in summer with a spatial average of −0.45% (Figure 2c,f,i,l),
since the saturation vapor pressure increases with warming. The impact of climate change
on precipitation and snowpack projected by the PGW simulations will be examined in
Section 3.

Figure 2. (a) CMIP5 model ensemble-mean seasonal difference of sea level pressure between future
(2036–2065) and past (1976–2005) periods for DJF. (b) Same as (a), but of surface temperature. (c) Same
as (a), but of 2 m relative humidity. (d–f) Same as (a–c), but for MAM. (g–i) Same as (a–c), but for JJA.
(j–l) Same as (a–c), but for SON. The numbers at upper right corners are the mean differences over the
IWUS domain. DJF stands for December, January, and February; MAM stands for March, April, and
May; JJA stands for June, July, and August; and SON stands for September, October, and November.
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Table 2. Summary of 15 CMIP5 GCMs used to develop climate perturbation signal field.

CMIP5 I. D. Atmospheric Grid Spacing (°) Ensemble Members UsedLatitude Longitude

ACCESS1.3 1.25 1.875 1 (1)
CCSM4 0.94 1.25 3 (1, 2, 6)

CESM1-CAM5 0.94 1.25 3 (1, 2, 3)
CNRM-CM5 1.40 1.41 3 (2, 4, 6)

CSIRO-Mk3.6.0 1.87 1.88 3 (1, 2, 3)
GFDL-CM3 2.0 2.5 1 (1)

GFDL-ESM2M 1.52 2.5 1 (1)
GISS-E2-H 2.0 2.5 2 (1, 2)

HadGEM2-CC 1.2 1.875 2 (2, 3)
HadGEM2-ES 1.25 1.875 2 (2, 3)

INM-CM4 1.5 2.0 1 (1)
IPSL-CM5A-MR 1.27 2.50 1 (1)

MIROC5 1.40 1.41 3 (1, 2, 3)
MIROC-ESM 2.79 2.81 1 (1)
MRI-CGCM3 1.12 1.12 1 (1)

3. Results
3.1. Projected Change in Precipitation

The simulated 30-year annual mean precipitation is compared between past and future
climates in Figure 3. The past simulation indicates that higher precipitation is associated
with higher mountain elevations, while lower precipitation occurs in the intermountain
basins (Figure 3a), which replicates the observed spatial patterns of precipitation very
well [10]. The magnitude and spatial pattern of annual mean precipitation for the future
climate are comparable to that for the past climate (Figure 3a,b). For the most part, the pro-
jected precipitation changes are small compared with the annual magnitude (Figure 3c).
Precipitation increase dominates the study domain, except in these states in the High Plains:
Colorado, New Mexico, Nebraska, and Kansas (Figure 3c). The annual increase can reach
up to 90 mm (Figure 3c), with the percentage increase going as high as 18% (Figure 3d).
Note that, in the IWUS domain, most of the precipitation falls in the cold season, and mostly
over the mountain ranges, while the surrounding high plains and basins are relatively
dry [10,21].

The 30-year climatology of the seasonal precipitation change varies seasonally and
geographically (Figure 4). Precipitation of winter season (DJF) is projected to increase
over the whole domain (Figure 4a,b). The maximum increase in winter precipitation is
approximately 40 mm, typically observed over high-elevation mountain peaks (Figure 4a).
The percentage increase is more pronounced over the High Plains (Figure 4b), primarily
due to the relatively low precipitation in the region (Figure 4a). During the spring season
(MAM), a geospatial division distinguishes areas with differing precipitation changes:
simulated precipitation is expected to decrease in the southwest of the domain, while it is
projected to increase in the northeast (Figure 4c,d). The projected precipitation change for
fall (SON) mirrors that of winter, with an overall increase across the study domain; however,
the magnitude of the change is generally smaller than in winter (Figure 4a,g). The spatial
pattern of summer (JJA) precipitation change differs from that of the other seasons, with a
predominant decrease in precipitation across the IWUS domain, particularly over the High
Plains (Figure 4e). The largest decrease in summer precipitation occurs over the states of
Nebraska, Kansas, and eastern Colorado.

Table 3 provides the spatially averaged precipitation change for four mountainous
subregions: the Montana Rockies, the Greater Yellowstone area, the Wasatch Range, and the
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Colorado Rockies (boundaries of subregions defined in Figure 1). In all four subregions,
the spatially averaged orographic precipitation is projected to increase in DJF and decrease
in JJA. In DJF, the largest absolute change of 17.0 mm occurs in the Montana Rockies, while
the changes in the Greater Yellowstone area (13.5 mm), the Wasatch Range (13.6 mm),
and the Colorado Rockies (12.3 mm) are relatively similar. The spatially average percentage
increase in winter precipitation ranges from 13.4% in the Colorado Rockies to 17.9% in the
Wasatch Range. In JJA, both the absolute and percentage decreases are smaller than the
increases observed in DJF for all subregions. Summer precipitation is projected to decrease
by 6.9 mm in the Colorado Rockies, while the change is negligible in the Wasatch Range
at 0.1 mm. The change for SON is similar to that for DJF, with projected increases across
all subregions; however, both the absolute and percentage changes are smaller than those
in DJF. In MAM, spatially averaged precipitation is projected to increase in the Montana
Rockies and the Greater Yellowstone area, but decrease in the Wasatch Range and the
Colorado Rockies.

Table 3. Spatial-average of absolute and percentage change of seasonal precipitation between past
and future climates for four subregions: Montana Rockies, Greater Yellowstone area, Wasatch Range,
and Colorado Rockies.

Montana Rockies Greater Yellowstone Area Wasatch Range Colorado Rockies

DJF Future − Current (mm) 17.0 13.5 13.6 12.3
Percent Change (%) 15.2 16.9 17.9 13.4

MAM Future − Current (mm) 10.6 7.0 −4.0 −4.3
Percent Change (%) 6.6 4.9 −2.6 −2.5

JJA Future − Current (mm) −2.6 −0.4 −0.1 −6.9
Percent Change (%) −1.1 −0.4 −0.3 −4.0

SON Future − Current (mm) 5.0 5.7 8.8 6.8
Percent Change (%) 6.6 6.5 13.5 7.1

To further explore the impact of elevation on changes in orographic precipitation,
annual and seasonal precipitation changes are plotted against normalized elevation for
the four subregions (Figure 5). The normalized elevation (Zn) is defined as a function of
elevation (Z) below:

Zn =
Z − Zmin

Zmax − Zmin
(2)

where Z min and Z max are elevations of the lowest and highest grid within each subregion,
respectively. Normalizing elevation for the mountainous subregions helps clarify how
elevation affects the projected changes of precipitation and snow ratio (Section 3.2) without
the interference of elevation differences across different subregions. It is important to note
that the height of the crest above the upstream valley or plain is approximately the same
for all four subregions.

The first notable thing is that annual precipitation is projected to increase at all ele-
vations, but the magnitude of the change decreases with height, with smaller increases
simulated over the higher mountain peaks (Figure 5a–d). Mean seasonal precipitation is
projected to increase at all elevations for the two colder seasons, DJF and SON, but with
different elevation-dependent patterns: a greater increase at higher elevations for DJF, while
the opposite occurs for SON. Precipitation change for JJA is similar across the subregions
of the Montana Rockies (Figure 5a), the Greater Yellowstone area (Figure 5b), and the Col-
orado Rockies (Figure 5d): precipitation decreases more at lower elevations, such as valley
regions, while changes at higher elevations are minimal. In the Wasatch Range, the change
in JJA precipitation is nearly zero at lower elevations, while it tends to increase at higher
elevations, with a mean increase of 6 mm at the mountain tops (Figure 5c). The precipi-
tation change in MAM is similar for the Wasatch Range and Colorado Rockies: there is a
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slight change at lower elevations, while precipitation decreases with elevation, reaching
a nearly 20 mm reduction at the mountain tops (Figure 5c,d). Mean MAM precipitation
is projected to increase at all elevations in the Montana Rockies, with a more significant
increase at lower elevations (Figure 5a). In contrast, for the Greater Yellowstone area, MAM
precipitation is projected to increase at lower elevations but decrease at higher elevations
(Figure 5b).

Figure 3. (a) The 30-year mean annual precipitation from the past climate simulation. (b) Same
as (a), but for the future simulation. (c) Absolute difference between the past and future climates.
(d) Percentage difference between the past and future climates. The contours in (c,d) are terrain
elevation, at 800 m intervals starting at 800 m MSL, whereas higher elevations are associated with
darker colors.
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Figure 4. (a) The 30-year mean seasonal precipitation difference between the past and future climates
for DJF. (b) Same as (a), but for percentage difference. (c,d) Same as (a), but for MAM. (e,f) Same as
(a), but for JJA. (g,h) Same as (a), but for SON. The contours are terrain elevation, at 800 m intervals
starting at 800 m MSL, whereas higher elevations are associated with darker colors.
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Figure 5. Variation of annual and seasonal precipitation changes between past and future climates as a
function of elevation over the subregion of (a) the Montana Rockies, (b) the Greater Yellowstone area,
(c) the Wasatch Range, and (d) the Colorado Rockies. The boxes represent the frequency of elevation
bins. Elevation is normalized between the lowest and highest grid point within each subregion.

3.2. Projected Change in Cold-Season Snow Ratio

The climatology and projected changes in different phases of precipitation are critically
important, as they can have varying impacts on Earth’s surface water and energy fluxes [35].
The spatial patterns of 30-year mean annual snowfall and rainfall for the current climate are
presented in Figure 6a,c. Snowfall is concentrated in high-elevation mountains, reaching
a maximum of around 1300 mm annually (Figure 6a). Meanwhile, high rainfall values,
up to 700 mm annually, are observed in the High Plains (Figure 6c). Snowfall is projected
to decrease across the entire domain (Figure 6b), while rainfall is expected to increase,
with the exception of a small area in the High Plains (Figure 6d). Notably, the maximum
increase in rainfall (and decrease in snowfall) occurs in the northwest corner of the domain,
with changes as large as 150 mm annually.
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Figure 6. (a) The 30-year mean annual snowfall from the past simulation. (b) The 30-year mean annual
snowfall difference between the past and future climates. (c,d) Same as (a,b), but for annual rainfall.

To examine the change in snowfall more closely during the cold seasons, snow-to-
precipitation ratio (SR), the proportion of precipitation that falls as snow rather than rain,
is defined as below:

SR =
snow accumulation

precipitation accumulation
· 100% (3)

Figure 7a,b show the spatial patterns of SR averaged over the cold season (October
to April) for the past and future climates, respectively. Higher SR values are found in
mountainous areas, while lower values are observed in valleys and the High Plains, in both
the current and future climates. The map of the absolute difference between the past and
future climates shows a projected decrease in SR across the entire domain (Figure 7c).
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The projected percentage decrease is generally within 30%, with smaller changes at higher
elevations (Figure 7d). It is worth noting that the percentage decrease can reach as high as
90% in the southwest corner of the study domain (Figure 7d), though this is largely due to
the small absolute SR in that area (Figure 7a).

Figure 7. (a) The 30-year mean SR averaged over the cold season (October-April) from the past
climate simulation. (b) Same as (a), but for the future simulation. (c) Absolute difference between
the past and future climates. (d) Percentage difference between the past and future climates. The
contours in (c,d) are terrain elevation, at 800 m intervals starting at 800 m MSL, whereas higher
elevations are associated with darker colors.

Similar to the approach used in Section 3.1 to analyze the impact of elevation on
precipitation, we investigate the effect of elevation on the change in SR across four moun-
tainous subregions. The results indicate that, for all four subregions, SR increases with
elevation in both the past and future climates. However, the projected future SR is lower
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than that of the past climate at all elevations (Figure 8a–d). The change in SR with elevation
follows a similar pattern for the Montana Rockies (Figure 8a), the Greater Yellowstone
area (Figure 8b), and the Colorado Rockies (Figure 8d): it decreases most significantly at
lower elevations, with a change of around −15%, while the decrease is smaller at higher
elevations, nearing zero percent in the highest elevation bins. For the Wasatch Range, SR is
projected to decrease by 5% at the lowest elevation bins. The decrease reaches a maximum
of −20% at a Zn near 0.3, after which the SR change diminishes toward higher elevations,
approaching zero percent at the mountain tops (Figure 8c). These shifts of elevation gradi-
ents in SR can have significant implications for hydrological cycles, as snowmelt at higher
elevations contributes to runoff in the spring and early summer, a key source of water for
downstream regions [36].

Figure 8. Variation of SR as a function of elevation for past climate (black upward triangles), future
climate (red downward triangles), and the difference between past and future climates (purple circles)
for (a) the Montana Rockies, (b) the Greater Yellowstone area, (c) the Wasatch Range, and (d) the
Colorado Rockies. The boxes represent the frequency of elevation bins. Elevation is normalized
between the lowest and highest grid point.

3.3. Projected Change in Snowpack

The snowpack on April 1st is commonly analyzed because it typically represents the
peak of the annual snowpack, which is crucial for hydrological applications [37]. Therefore,
we first compare the climatological average SWE on April 1st between the past and future
climates (Figure 9). In general, the spatial pattern for the future climate closely mirrors
that of the past climate, with a maximum SWE reaching up to 900 mm across the study
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domain (Figure 9a,b). This indicates that the projected change in snowpack is relatively
small in comparison to the absolute values. The difference maps provide more detailed
insights. The map of absolute differences shows that SWE is projected to decrease across
most of the study domain, with the most pronounced reductions occurring in mountainous
areas. The decrease can be as significant as −180 mm in the Montana Rockies (Figure 9c).
The percentage decrease in SWE generally falls within the range of 30%, with larger changes
observed in the Montana Rockies and the Greater Yellowstone area (Figure 9d).

To better examine how the projected snowpack changes with elevation, two key dates,
1 April and 1 February, are selected, given their significance for hydrological applica-
tions [5,37,38]. In general, for both dates and both climates, SWE increases with elevation,
and it is projected to decrease at nearly every elevation bin across the four subregions
(Figure 10a,c,e,g). The highest SWE values are associated with the Greater Yellowstone
area (Figure 10c). Note that the absolute value of elevation is used here. The SWE change
plots show similar patterns for both dates within the same subregion. For the Montana
Rockies (Figure 10b) and the Greater Yellowstone area (Figure 10d), the change is smallest
at lower elevations, reaching a maximum reduction of 50 mm around 2250 m MSL. This
decrease then tapers off at higher elevations or even reverses, showing an increase at the
highest elevations in the Greater Yellowstone area (Figure 10d). In the Wasatch Range
and Colorado Rockies, the change in snowpack is minimal at lower elevations, with the
decrease becoming more pronounced at higher elevations (Figure 10f,h).

For each of the four subregions, the grid boxes are categorized into three groups
based on their elevations: low, medium, and high. This categorization is necessary from a
statistical perspective to ensure that the analysis captures elevation-dependent variations
in snowpack changes, allowing for more accurate comparisons across different elevation
ranges within each subregion. Figure 11 illustrates the seasonal cycles of snowpack for
the three elevation groups. The projected change in the peak SWE values for future
climates is calculated as an index of magnitude change. The first notable thing is that the
highest elevation subgroup is associated with the largest SWE, while the lowest elevation
subgroup has the smallest SWE. Additionally, the SWE curve for the future climate lies
below that of the current climate, indicating a projected decrease in peak SWE for all
subgroups. The magnitude of SWE reduction in the future climate is similar across the three
subgroups for the Montana Rockies (Figure 11a). However, for the Greater Yellowstone
area (Figure 11b), the Wasatch Range (Figure 11c), and the Colorado Rockies (Figure 11d),
the maximum SWE reduction occurs at the highest elevations, while the smallest reduction
is seen at the lowest elevations.

Identifying a timing index that accurately measures how the timing of snowpack
melt shifts under future climate projections is crucial, as it has significant implications for
water availability, streamflow patterns, and effective hydrological management during the
spring melt season. In this study, an index of timing is defined as the difference in days
when 10% of the maximum SWE during the melting season (spring) occurs in the current
climate. The timing index indicates that snowpack melting is projected to occur earlier for
all subgroups. Specifically, the change ranges from 17 to 20 days for the Montana Rockies
(Figure 11a), approximately 15 days for the Greater Yellowstone area (Figure 11b), 16 to
26 days for the Wasatch Range (Figure 11c), and 15 to 20 days for the Colorado Rockies
(Figure 11d). The projected change in the timing index offers a clear indication of how the
timing of snowpack melt is shifting under future climate scenarios.
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Figure 9. (a) The 30-year mean SWE on Apr 1st from the past climate simulation. (b) Same as (a),
but for the future simulation. (c) Absolute difference between past and future climates. (d) Percentage
difference between past and future climates, with grey shade representing past SWE less than 10 mm.
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Figure 10. (a) Variation of mean SWE as the function of elevation for the Montana Rockies. (b) Same
as (a), but for the difference between the past and future climates. (c,d) Same as (a,b), but for the
Greater Yellowstone area. (e,f) Same as (a,b), but for the Wasatch Range. (g,h) Same as (a,b), but for
the Colorado Rockies. The blue boxes represent the frequency of elevation bins.
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Figure 11. Seasonal snowpack cycle as a function of elevation for (a) the Montana Rockies, (b) the
Greater Yellowstone area, (c) the Wasatch Range, and (d) the Colorado Rockies. The solid curves
represent the past climate and the dashed ones represent the future climate. The black color represents
grid boxes with the lowest 1/3 elevations, the red color for the middle 1/3, and the blue color for the
highest 1/3. The numbers of days shown in each panel are the difference in calendar days between
the past and future climates that 10% of the current SWE maximum is reached, and the numbers in
mm are the difference in SWE maximum from the past and future climates.

4. Discussion
Over the IWUS domain, snowfall predominates in the mountainous regions, while

rainfall is more prevalent over the plains (Figure 6). Projected changes in annual precipita-
tion indicate an overall increase across the four subregions in a warming climate (Figure 5).
For the winter season, although the absolute increase in precipitation is more pronounced
in mountainous areas than on the plains, the percentage change is higher in the plains
(Figure 4a,b). The areal mean precipitation is projected to rise in all mountainous subre-
gions, but with varying magnitudes: a 30.0 mm (6.3%) increase over the Montana Rockies,
25.7 mm (5.7%) over the Greater Yellowstone area, 18.2 mm (6.6%) over the Wasatch Range,
and 7.9 mm (2.0%) over the Colorado Rockies. In this section, we delve deeper into the pro-
jected changes in orographic precipitation, focusing on events with different precipitation
intensities in the mountainous areas of the IWUS domain.

The histograms of daily precipitation over 30 years for both current and future cli-
mates are presented in Figure 12. In all subregions, precipitation is projected to increase
at the higher end of the distribution, particularly when daily rainfall exceeds 20 mm
(Figure 12a,c,e,g). This indicates that heavy and extreme precipitation events are expected
to become more frequent in the future climate. In other words, the projected increase in
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precipitation over the mountain ranges is largely driven by the heightened frequency of
moderate to heavy precipitation events in a warmer climate.

Classifying precipitation events by daily amounts offers a clearer understanding of
how different levels of precipitation may change under future climate scenarios. Table 4
summarizes the comparison of daily precipitation between past and future climates across
the four subregions. Precipitation events are grouped into three categories based on
daily amounts: light precipitation (0.1–4 mm/day), medium precipitation (4–14 mm/day),
and heavy precipitation (>14 mm/day). Most precipitation events fall into the light precipi-
tation category, with approximately 70% of events across all subregions. The percentage
change between the current and future climates is also calculated. The percentage of light
precipitation events is projected to decrease in the future, and medium precipitation events
are expected to decrease as well, with the exception of the Montana Rockies. Conversely,
the frequency of heavy precipitation events is projected to increase in all subregions. The in-
crease in heavy events ranges from 0.64% in the Colorado Rockies to 0.89% in the Wasatch
Range. Additionally, the comparison of daily precipitation percentiles across 16 levels
reveals that heavy to extreme precipitation events are expected to intensify in the future
climate, as shown in the percentile–percentile plots of daily precipitation (Figure 12b,d,f,h).

The projected increase in precipitation over mountain ranges, driven by the increased
frequency of heavy to extreme precipitation events under warmer climate conditions,
holds significant implications for hydrological cycles and water resources. The changes of
heavy to extreme precipitation events will result in higher runoff and changes to snowmelt
timing [39,40]. This shift is particularly critical in mountainous regions, where snowpack
accumulation and melt have traditionally been vital sources of freshwater during the
spring and summer months [5]. Further, the shift in snowmelt timing could disrupt existing
water management systems that rely on the seasonal nature of runoff from snowmelt [41].
Understanding these changes is essential for managing water resources, anticipating flood
risks, and preparing for the impacts of a changing climate on both natural ecosystems and
human infrastructure.

It is important to note that this study examines only one RCP (RCP8.5), which rep-
resents conditions in the mid-twenty-first century or later (if greenhouse gas emissions
are cut more drastically). This scenario may overestimate the rate of global warming [42],
meaning the “future” climate conditions presented here could occur several decades later
than around 2050.

Table 4. Comparison of spatial-average daily precipitation between past and future climates for four
subregions: Montana Rockies, Greater Yellowstone area, Wasatch Range, and Colorado Rockies.

Montana Rockies Greater
Yellowstone Area Wasatch Range Colorado

Rockies

Light precipitation
(0.1–4 mm)

Past 68.45% 70.06% 71.88% 68.35%
Future 67.10% 69.54% 71.36% 68.19%
Future − Past −1.35% −0.52% −0.52% −0.16%

Medium precipitation
(4–14 mm)

Past 25.50% 24.54% 23.15% 25.38%
Future 26.03% 24.28% 22.78% 24.91%
Future − Past 0.53% −0.26% −0.37% −0.47%

Heavy precipitation
(>14 mm)

Current 6.06% 5.40% 4.96% 6.27%
Future 6.87% 6.18% 5.85% 6.91%
Future − Past 0.81% 0.78% 0.89% 0.64%
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Figure 12. (a) Histogram and (b) percentile–percentile plot of daily precipitation from the past
and future simulations for the subregion of the Montana Rockies. Days with zero precipitation are
included in (a) but not in (b). The 16 dots in (b) represent the following precipitation distribution
percentiles: 2.5, 10, 20, 25, 30, 40, 50 (median), 60, 70, 75, 80, 90, 95, 97.5, 99, and 99.9%. (c,d) Same as
(a,b), but for the Greater Yellowstone area. (e,f) Same as (a,b), but for the Wasatch Range. (g,h) Same
as (a,b), but for the Colorado Rockies.
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5. Conclusions
This study utilizes a pair of convection-permitting RCM simulations, the ~1990 climate

and the ~2050 climate, to investigate the impacts of climate change on precipitation and
snowpack in the IWUS. Climate perturbations for the future climate are derived from the
CMIP5 GCM ensemble-mean under the high-end emission scenario via the PGW approach.
Under this scenario, the IWUS experiences a surface temperature increase of approximately
2.8 °C. The study examines the changes in spatial patterns of seasonal precipitation and
snowpack across the IWUS, with particular emphasis on the influence of elevation on
projected shifts in orographic precipitation and snowpack. Four mountain ranges are
specifically analyzed: the Montana Rockies, Greater Yellowstone area, Wasatch Range,
and Colorado Rockies. The main findings are as follows:

• Annual precipitation is projected to rise across the majority of the IWUS, with increases
of up to 90 mm and percentage changes reaching as high as 18%. Winter precipitation is
projected to increase across the domain, while spring and fall show regional variations,
and summer precipitation is expected to decrease, particularly in the High Plains and
southwestern areas.

• The projected increase in precipitation over the mountain ranges is largely driven
by the heightened frequency of heavy to extreme precipitation events in a warmer
climate. Precipitation is projected to increase at all elevations, though the magnitude
of the change decreases with height, with smaller increases at higher mountain peaks.
Seasonal patterns vary, with greater increases at higher elevations in winter, more
pronounced increases at lower elevations in summer, and mixed responses in spring
and fall, where lower elevations see precipitation increases or decreases depending on
the region.

• While higher SRs are found in mountainous areas and lower SR values in valleys and
the High Plains, the projected future climate indicates a decrease in SR across the entire
domain, with a general percentage decrease of up to 30%. In all four subregions, SR
are projected to decrease in the future, with the most significant reductions occurring
at lower elevations.

• The snowpack is projected to decrease across most of the study domain, with the
largest reductions occurring in the Montana Rockies and Greater Yellowstone, where
decreases can reach up to 30%, although the overall change remains small relative to
absolute SWE values.

• SWE is projected to decrease at nearly all elevations, but the largest reductions oc-
cur at higher elevations, particularly in the Wasatch Range and Colorado Rockies,
while the Greater Yellowstone area shows a reversal of this trend at its highest eleva-
tions. The most significant reductions of SWE occur at the highest elevations in the
Greater Yellowstone area, Wasatch Range, and Colorado Rockies, and there are similar
reductions across all subgroups in the Montana Rockies.

• A timing index was defined to measure the shift in snowpack melt timing under future
climate projections, revealing that snowpack melt is projected to occur earlier across
all elevations, with changes ranging from 15 to 26 days.
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