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ABSTRACT: Forecasting wet snow avalanches remains a major challenge due to their temporal and
spatial variability. Long-term climate trends are producing more variable and extreme weather, creating
conditions outside historical experience, and increasing forecasting uncertainties. To assess how climate
change affects the frequency and timing of wet snow avalanches, we examined the long-term conditions
that support wet snow formation. Specifically, we ask: Will the onset of wet snow avalanche conditions or
season end shift toward the mid century? And will maximum snow height decrease in avalanche starting
zones? To address these questions, we analyze long-term snow cover simulations across our study site
in Glacier National Park, Montana, located in an intermountain snow climate. We examined trends in
simulated snow depth, and timing of liquid water infiltration over the past four decades (1979-2023) using
a physically based snow cover model. To force the model with meteorological data, we use the long-term
regional hydroclimate reanalysis dataset U.S. Geological Survey CONUS404 with 4 km spatial resolution
and 1h temporal resolution. The use of gridded meteorological inputs to drive a one-dimensional point
model introduces inherent scale mismatches. To address this limitation, we use multiple grid points
within the study area to simulate a more representative, generalized snowpack, and filter the grid points
based on elevation to distinguish between upper- and mid-elevation starting zones. Finally, we analyzed
shifts in snow depth, melt-out-day, and LWCi,q4ex (bulk liquid water content (LWC) normalized by the
residual water content). We use snow depth as a proxy for changes in slab thickness, the LWCj,gex
as an indicator of wet snow avalanche conditions, and melt-out date as a measure of shifts in season
length. We ran simulations on flat terrain and on north- and south-facing virtual slopes (38°), across
mid-elevation (1,600-1,900 m) and upper-elevation (>1,900 m) sites for the historical dataset as baseline
and a Pseudo-Global-Warming (PGW) dataset to identify a warming driven shift. Across all aspects and
both elevation bands, PGW forcing produces a consistent reduction in annual maximum snow depth
(median shift —0.15 to —0.26 m, p < 0.001) over 44 seasons, with the largest reductions on north-facing
slopes and a modest but significant strengthening of this reduction over the 44-year simulated record.
Melt-out starts 10—-14 days earlier under PGW across all aspect—elevation combinations (p < 0.001),
again most pronounced on north-facing, higher-elevation terrain. The LWCj,qex threshold-crossing dates
likewise shift earlier under PGW, indicating an earlier onset of wet snow avalanche conditions across the
domain. Together, these results point to a snowpack that is both thinner and wetter earlier in the season
under future warming, with the strongest signal consistently on north-facing slopes at higher elevation.
This work lays the groundwork for climate-informed forecasting and mitigation and offers historical context
for avalanche operations in a changing climate. Understanding long-term trends can help avalanche
professionals interpret current observations, improve wet snow avalanche forecasting, and develop more
effective mitigation strategies in a warming climate.

KEYWORDS: SNOWPACK, wet snow, snow depth, PGW, long-term trends, avalanche forecasting

1. INTRODUCTION ter of avalanche activity, creating new challenges
- . for avalanche forecasting and risk management
Rising air temperatures affect snow accumula- (Hao et al. 2023; Peitzsch et al. 2021)

tion and melt processes across mountain regions,
resulting in reduced snow depth and earlier melt-
onset (Hale etal. 2023; Newton et al. 2021). These
changes affect the timing, magnitude, and charac-

Recent studies have documented a growing pro-
portion of wet snow avalanches in mountain re-
gions, often associated with earlier melt onset and
more frequent rain-on-snow events, whereas an
. i hor ad increase in temperatures decreases the size and
Ang:gzsg:)unckﬁ%s;r’, l\%r?tanr:SSStéte University, Department of number of avalanches, particularly in lower sle-
Earth Sciences vations (Eckert et al. 2024; Mayer et al. 2024;

Traphagen Hall 126, Bozeman MT-59717 Peitzsch et al. 2021; Pielmeier et al. 2013). In
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the western United States, evidence is emerg-
ing of shifting avalanche patterns. A tree-ring
based avalanche chronology in northwest Mon-
tana shows that years with large and destructive
avalanches have become less frequent since the
mid-20th century (Peitzsch et al. 2021). Specif-
ically, the probability of large avalanche cycles
declined by roughly 14% between 1950 and 2017,
coinciding with warming and a decrease in snow
cover in that region. Historically, the largest
avalanche winters in Montana were associated
with exceptionally stormy, snow-rich conditions.
However, in recent decades, major avalanche cy-
cles have also been increasingly linked to higher
temperatures and a thinner snow cover (Peitzsch
et al. 2021). This indicates a shift in the primary
drivers of avalanche activity, such as a change
in snowpack structure and weather patterns that
align with observations of unusual mid- to late-
winter avalanche cycles in the Rocky Mountains
triggered by storms (Peitzsch et al. 2025).
Climate projections in other regions suggest that
warming will continue throughout the 21st cen-
tury, indicating an earlier occurrence of wet snow
avalanche cycles each year (Castebrunet et al.
2014; Eckert et al. 2024; Lazar and Williams 2008;
Reuter et al. 2025). Model-based studies indicate
an earlier onset of melt, more frequent rain-on-
snow events, and an increasing likelihood of wet
snow avalanche activity at elevations that currently
experience predominantly dry snow conditions in
the European Alps (Castebrunet et al. 2014; Eck-
ert et al. 2024; Kruyt et al. 2023; Mayer et al. 2024).
Simulations for Aspen Mountain in Colorado pro-
jected that by 2030 wet snow avalanches would
start 2 to 19 days earlier each spring (compared to
late-20th century norms), with advances of up to 6
to 22 days at lower mountain elevations. By 2100,
under mid-range warming scenarios, wet snow
avalanches on Aspen Mountain could occur 3—4
weeks earlier than historic averages, and under a
high-emission scenario, the wet snow avalanche
season might begin 6—-9 weeks earlier (Lazar and
Williams 2008). These projections illustrate how
climate drivers can shift the timing of wet snow
avalanches further into periods that have typically
been associated with dry avalanche activity.
Long-term observational avalanche records re-
main limited. Datasets are often short, spatially
discontinuous, and capture avalanche occurrence
and size rather than the underlying snowpack
state that governs wet snow instability. This likely
explains why several of the studies above (e.g.,
Castebrunet et al. 2014; Lazar and Williams 2008;
Eckert et al. 2024) rely on modeled rather than ob-
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servational data. Thus, physics-based snow cover
models offer a proxy to examine multi-decadal
changes in snowpack evolution and melt pro-
cesses directly relevant to wet snow avalanche
conditions. Here, we use 1-D physics-based
SNOWPACK simulations (Bartelt and Lehning
2002) forced with the CONUS404 hydroclimate
reanalysis dataset to investigate historical and fu-
ture trends (Rasmussen et al. 2023; Xue et al.
2024) in snow depth, melt-out timing, and liquid
water infiltration in Glacier National Park, Montana,
with the intention to improve our understanding
of how increasing air temperatures can influence
snow conditions that govern wet snow avalanche
activity.

2. METHODS

2.1. Glacier National Park

Our study site is Glacier National Park, Montana,
USA. The park is located in northwest Montana
and borders Canada at its north end. It encom-
passes about 4,100 km? including more than 175
mountain peaks along the Continental Divide and
a vertical relief of 2,100 m. Therefore, precipitation
varies throughout the park: the drier areas on the
east side of the Continental Divide receive an av-
erage yearly precipitation of 584 mm/year whereas
wetter areas on the west side get 762 mm/year
and in isolated micro-climates up to 2,540 mm/year
(National Park Service 2026). The snow climate
in this region is classified primarily as intermoun-
tain. It is occasionally influenced by maritime air
masses during specific weather patterns, placing it
near the transitional zone between intermountain
and coastal snow climates (Mock and Birkeland
2000).

2.2. CONUS404 and CONUS404 PGW datasets

The U.S. Geological Survey CONUS404 dataset
provides a high-resolution (4 km), hourly hydro-
climate reanalysis covering the conterminous
United States from water years 1979 through
2023 (Rasmussen et al. 2023). It includes key
atmospheric and land-surface variables such as
precipitation, air temperature, wind, and radia-
tion, dynamically downscaled from ERAS reanal-
ysis using the Weather Research and Forecast-
ing model (WRF) and Noah-Multiparameterization
land-surface model (He et al. 2023; Hersbach
et al. 2020). lts counterpart, the U.S. Geologi-
cal Survey CONUS404 Pseudo-Global-Warming
(PGW) dataset, leverages the same modeling
framework but incorporates climate perturbations
derived from Community Earth System Model ver-
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sion 2 Large Ensemble (CESM2-LENS2) projec-
tions (Xue et al. 2024). CESM2-LENS2 comprises
100 independent ensemble members at 1° res-
olution, covering historical (1850-2014) and fu-
ture (2015-2100) periods under the CMIP6 SSP3-
7.0 scenario, providing robust estimates of inter-
nal climate variability and anthropogenic climate
change (Rodgers et al. 2021). SSP3-7.0 repre-
sents a medium-to-high but not worst-case path-
way reaching roughly 7.0 W m—2 of radiative forc-
ing by 2100 (O’Neill et al. 2016; Riahi et al. 2017).
The PGW method changes the atmospheric state
to represent plausible future warming scenarios,
and is descriptive more than diagnostic. It en-
ables evaluation of climate-driver impacts that are
designed to preserve an identical day-by-day syn-
optic evolution, with a climate-warming delta ap-
plied to the thermodynamic boundary forcings. In
this way, PGW isolates the thermodynamic warm-
ing signal while keeping synoptic variability fixed
(Brogli et al. 2023). Together, the CONUS404 and
CONUS404 PGW datasets offer insight into how
historical events might unfold under a warmer cli-
mate, capturing scenario-based variability within
the 1979-2023 period.

2.3. SNOWPACK simulations

To simulate snow cover over 44 seasons (1979
- 2023), we used the physically based 1-D snow
cover model SNOWPACK (Lehning et al. 2002;
Bartelt and Lehning 2002; Wever et al. 2014; WSL
Institute for Snow and Avalanche Research SLF
2026). We forced the model with meteorological
variables from the CONUS404 and CONUS404
PGW datasets at a spatial resolution of 4 km, in-
cluding precipitation, wind, incoming long- and
shortwave radiation, air temperature and relative
humidity. For the water transportation scheme,
we used bucket mode (Bartelt and Lehning 2002;
Wever et al. 2015). SNOWPACK solved the full
surface energy balance at the snow—atmosphere
interface using a Neumann boundary condition.
The model derived wind speed and direction from
the U (west-to-east zonal wind) and V (south-to-
north meridional wind) components provided by
the climate datasets.

We simulated snow cover for grid cells within
two elevation bands: mid-elevations (1,600-1,900
m) and high elevations (>1,900 m). The high-
elevation band included 91 grid cells (1,456 km?),
whereas the mid-elevation band included 80 grid
cells (1,280 km?). For each grid cell, we simu-
lated one flat-field configuration and two virtual
slopes with a 38° inclination representing north-
and south-facing aspects.
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We evaluated model performance by comparing
simulations with SNOWPACK runs using Logan
Pass weather observations and Flattop Mountain
SNOTEL snow depth data for the 2019-2021 win-
ters (Synoptic Data PBC 2026; USDA Natural Re-
sources Conservation Service 2026). Through
sensitivity testing, we reduced wind speeds in the
CONUS404 data by 20% to improve agreement
between CONUS404-driven and weather station-
driven snowpack outputs.

2.4. Data analysis

We compared historical and PGW simulations us-
ing a paired design where we matched seasons
by their relative chronological position within each
44-year record. For each grid cell, elevation band,
and terrain aspect, the PGW-historical shift was
tested against zero using a one-sample Wilcoxon
signed-rank test on each grid cell’'s own across-
season median shift (Wilcoxon 1945). Negative
values indicate either an earlier date in the sea-
son or a smaller snow depth, depending on the
metric shown. Maximum snow height (HSna«) rep-
resents the seasonal maximum snow depth. Melt-
out day was the first day on or after 1 February
on which snow height permanently returned to
zero. LWCinqex is the bulk LWC normalized by the
residual water content, defined as a constant vol-
umetric LWC of 0.03 (3 vol.%), following Mitterer
et al. (2013). For each season, we identified the
first day the index exceeded 0.3 and 1.0 indicating
potential wet snow avalanche activity early (0.3)
and later (1.0) in the season (Mitterer et al. 2016).

3. RESULTS

3.1. Seasonal maximum snow height

PGW forcing reduced HS.x across all three ter-
rain aspects and both elevation bands (p < 0.001
throughout; Fig. 1) when compared to histori-
cal simulations. The reductions were the small-
est on flat terrain (median shift A = —0.15 m
at 1,600-1,900 m, A = —0.18 m at >1,900 m)
and the largest on north-facing slopes (A =
—0.24 m and —0.26 m, respectively), with south-
facing slopes intermediate (A = —0.18 m in
both elevation bands). At every aspect and el-
evation combination, the upper-elevation band
showed a larger reduction than the mid-elevation
band. Within the PGW scenario, a small but
statistically significant negative trend at both el-
evation bands exists (1,600-1,900 m: slope =
—0.0013 season—!, n = 3,510, 80 cells; >1,900 m:
slope = —0.0012season™!, n = 4,004, 91 cells;
p < 0.001 both; Fig. 2), indicating that the PGW-
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driven reduction in HS,ax intensifies over the 44-
year simulated record rather than remaining con-
stant.

3.2. Melt-out day

Melt-out date arrives significantly earlier in the year
under PGW forcing across all three terrain aspects
and both elevation bands (p < 0.001 through-
out; Fig. 3) when compared to the historical pe-
riod. Advances were similar on flat terrain (median
shift A = —10.5 days at 1,600-1,900 m, A =
—11.5 days at >1,900 m) and south-facing slopes
(A = —10.0 days and —11.5 days). North-facing
slopes showed the largest advance of the three
aspects at both elevation bands (A = —12.5 days
and —14.0 days). As with HS ., the upper-
elevation band showed a larger advance than the
mid-elevation band at every aspect.

3.3. LWCingex

The date on which the LWCi,qex first exceeded
both thresholds (0.3 and 1.0) advanced signifi-
cantly under PGW forcing across all three terrain
aspects, both elevation bands, and both thresh-
olds (p < 0.001 throughout; Fig. 4). The ad-
vances were the greatest for the LWCj,gex= 0.3
threshold at the upper elevation band, ranging
from A = —12.0 days (south) to A = —16.5 days
(flat) to A = —22.0 days (north), and smaller for
the LWCingex= 0.3 threshold at the mid-elevation
band (A = —7.0 to —13.8 days). Advances in
the LWCingex= 1.0 threshold were more consistent
across aspects and elevation bands (A = —12.8
to —17.5 days) than those in the LWCj,gex= 0.3
threshold. As with HS,ax and melt-out date, the
upper-elevation band showed a larger advance
than the mid-elevation band at every aspect and
threshold, and north-facing slopes showed the
largest advances of the three aspects for both
thresholds.

4. DISCUSSION

In this study, we investigated the effects of
PGW on HSpax, melt-out day, and LWCigex
over 44 simulated seasons. Across north-facing,
south-facing, and flat-field simulations in both
elevation bands (1,600-1,900 m and >1,900 m),
HSmax decreased and melt-out day and LWCj,gex
showed an earlier onset within the season. These
findings align with other studies in the Rocky
Mountains, which similarly report decreasing snow
heights and earlier onset of wet snow conditions
(Peitzsch et al. 2021; Lazar and Williams 2008).

In particular, the PGW-driven shift was greatest
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on north-facing slopes across all three variables,
with a maximum shift of -22 days for LWCiygex
= 0.3 on high elevation compared to -12 days
on south-facing slopes. Although this result
may seem counterintuitive, because snowmelt
is generally understood to depend strongly on
solar radiation, a possible explanation is that
each aspect starts from a different baseline.
South-facing slopes already receive a lot of solar
input, meaning that more warming adds only
a small additional effect. North-facing slopes
get less sun-exposure and rely more on air
temperature to drive melt (Evan and Eisenman
2021).

Most existing studies focus on elevation-
dependent changes (Mayer et al. 2024; Eckert
et al. 2024; Lazar and Williams 2008); compar-
atively few examine slope-aspect dependencies
(L6pez-Moreno et al. 2014). Our results contrast
with those of the Pyrenees, where snowpack
duration and annual maximum accumulation
were more sensitive to warming on southerly
than northerly aspects (Lopez-Moreno et al.
2014). A plausible explanation could be the
regional difference in latitude (Glacier National
Park: ~ 48.75° N; Pyrenees: ~ 42.5° N). Lower
winter air temperatures plus more low-sun-angle
shading may make north-facing slopes in Glacier
National Park more temperature-reliant relative to
south-facing ones (National Park Service 2026;
Buisan et al. 2016). As Mayer et al. (2024) note,
aspect dependencies under a changing climate
remain understudied, in part because models
introduce substantial uncertainty in how they
resolve wind redistribution.

A decrease in HS;,x within avalanche starting
zones does not necessarily imply reduced
avalanche activity. Shallower snowpacks are fre-
quently more prone to faceting and the formation
of persistent weak layers (Hageli and McClung
2003). Our finding that high-elevation starting
zones are more affected by snow-depth reduction
than lower-elevation bands again differs from
results in the Swiss Alps, where high elevations
are projected to retain more solid precipitation
under warming (Eckert et al. 2024).

For the LWCi.4ex thresholds, we note that PGW
forcing advances both thresholds. For LWCj,gex
= 0.3, this means, that wet snow avalanche
conditions occur earlier in the season but also
are more inter-annually variable. This threshold
usually marks the first wet cycle of the season
potentially representing rain-on-snow events or
early-season warm ups (Mitterer et al. 2013).
LWCingex=1.0 often marks the second cycle of
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reduction in HS,ax grows over the simulated record.

the season symbolizing primarily melt-induced

warm-ups in the spring (Mitterer et al. 2016).

The advances in wet snow conditions agree
with findings from Aspen, Colorado, despite
differences in their identification (Lazar and
Williams 2008). Studies from the European Alps
likewise report earlier and increasing wet snow
avalanche activity at high elevations, supporting
our results (Mayer et al. 2024; Eckert et al. 2024;
Reuter et al. 2025).

Our results should be interpreted as descriptive
rather than diagnostic. PGW perturbs the thermo-
dynamic profile but largely preserves circulation.
As a result, dynamical responses, such as shifts in
storm frequency, track, or wind patterns, are not
represented (Brogli et al. 2023; Xue et al. 2023).
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Adachi et al. (2017) found that this storm-to-storm
variability, when held fixed, can even exceed the
mean climate shift itself. This effect is larger in
smaller domains, like ours. Fixed circulation also
means wind-driven redistribution, a main driver of
aspect-dependent accumulation, is not resolved
by our approach. Stil, PGW has advantages
over fully dynamically-downscaled projections:
because it reuses observed weather patterns,
it avoids much of the model bias that comes
from a simulated circulation and these short term
meteorological patterns drive snowpack structure
and avalanche formation (Brogli et al. 2023; Xue
et al. 2023). By isolating temperature change from
circulation change, PGW targets the mechanism
tied to our outcome: warming drives snowmelt
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pooled across all 44 matched seasons. Boxes show the median and interquartile range with a jittered
strip of individual grid-cell/season values (blue: historical; orange: PGW). Inset statistics report the pooled
sample size (n), the median PGW—historical shift (A, days), and the p-value from a one-sample Wilcoxon
signed-rank test on each grid cell’'s own across-season median shift. Melt-out advances significantly
under PGW in all six panels (A = —10.0 to —14.0 days; p < 0.001), with the largest advances at the upper

elevation band on north-facing slopes.
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Figure 4: LWCi,q4ex threshold-crossing date (month of year) under historical and PGW simulations, for three
terrain aspects (flat, north-facing, south-facing; rows) and the combination of two LWCj,4ex thresholds
(0.3, 1.0) and two elevation bands (1,600-1,900 m, >1,900 m; columns). Violins show the full distribution
with an overlaid boxplot and a jittered strip of individual grid-cell/season values pooled across all 44
matched seasons (blue: historical; orange: PGW). Inset statistics report the pooled sample size (n),
median PGW-—historical shift (A, days), and p-value from a one-sample Wilcoxon signed-rank test on
each grid cell's own across-season median shift. All twelve panels show a significant advance under
PGW (p < 0.001), largest for the LWC= 0.3 threshold on north-facing terrain at the upper elevation band

(A = —22.0 days).

and LWC infiltration, which in turn governs wet
snow avalanche release. Our results are limited
to one study site, Glacier National Park, Montana,
so we do not yet know whether this pattern holds
in other snow climates in the western United
States. Future research could investigate wet
snow conducive conditions across continental
and maritime snow climates in the western United
States.

5. CONCLUSION

The results demonstrate a significant PGW-driven
shift for all simulated variables — HS,5x, melt-out
day and LWCj,gex — for both elevation bands and
all tested aspects. This implies that perturbed
temperatures and precipitation reduce snow depth
and move the onset of melt-out and wet snow
avalanche conditions earlier in the year toward
the mid-century. The detected shift is largest on
north-facing slopes. For practitioners, this means
our winters may become shorter, and wet snow
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conditions will likely occur earlier in the season (up
to 22 days earlier in high elevations on north fac-
ing slopes). These results can support and inform
operations that historically had closed prior to the
onset of wet snow avalanche problems.

This study represents one small step toward clos-
ing the aspect-dependency knowledge gap and
identifying the effect of climate change on wet
snow avalanche cycles. Our conclusions should
be interpreted conservatively given the model un-
certainties, as well as the limitation of PGW meth-
ods in holding large-scale circulation patterns fixed
while perturbing the thermodynamic profile alone.

DISCLAIMER
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