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Abstract

Warming winters will lead to a greater fraction of rain falling in traditionally snowy
areas. Here we investigate the impact of these changes on snowpack stratigraphy, focusing
specifically on the presence and duration of melt-freeze crusts. In this work, we use a
hydrologic model with high vertical resolution (Structure for Unifying Multiple Modeling
Alternatives, SUMMA) to test the sensitivity of melt-freeze crusts to warming. Model runs
with up to 100 layers were initialized with observed precipitation and temperature for 2◦C
and 4◦C uniform warming sensitivity tests. We found warming temperatures increased the
frequency of crusts at colder sites, while warmer sites had fewer crusts. Melt-freeze crusts
increase the complexity of avalanche forecasting and mitigation for highway, recreational
forecasting, and ski area operations. These changes to the snowpack will also impact
ecosystem function, with greater snow density altering large mammal movements and
predator-prey interactions.
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1 Introduction

Warmer winters in the Western United States have led to declines in 1 April snow water
equivalent (SWE) [40, 41], reduced days of snow cover [50], and earlier snowmelt timing
[1, 2, 36, 42, 53]. However, studies connecting climate warming to snowpack trends have
not previously analyzed the layered structure of the snowpack, which has implications for
avalanche forecasting [11] and wildlife ecology [54].

To fill an existing literature gap, our work examines the sensitivity of snowpack structure
to warming air temperatures. We use observed in situ precipitation and air temperature
data at 53 locations in the Pacific Northwest over the past 25 years, combined with uniform
temperature increases, to model the detailed layers of the snowpack. We hypothesize that
increased temperatures would create a more complex stratigraphy with more ice crusts in
maritime snow climates and that near-surface snow density would increase. In this work,
changes in stratigraphy refer to changes to the frequency of melt-freeze crusts as defined by
Fierz et al. [19] and Greene et al. [22].

Understanding the stratigraphy of a snowpack is critical for avalanche forecasters, and
the existence of crusts in a snowpack adds complexity to both forecasting and mitigation
operations. Poor snow grain bonding around ice crusts results in unstable snow and avalanches
[11]. Additionally, faceted snow grains can develop next to buried crusts and are well known
to be a weak interface upon which slab avalanches can be triggered [10, 38, 52].

Melt-freeze crusts from rain-on-snow events also impact wildlife-snow interactions. These
layers prevent herbivores, such as reindeer (Rangifer tarandus), from digging through the
snow to access forage during the winter season, increasing mortality for some species [23].
Melt-freeze crusts also increase the near-surface snow density, which impacts predator-prey
interactions in Washington and Alaska [54]. The presence of melt-freeze crusts in a snowpack
reduces the snow’s insulating properties for species in cold climates with shallow snowpacks
[5, 28]. This study builds on prior research examining how warming temperatures and climate
variability influence snow stratigraphy in Scandinavia. Vikhamar-Schuler et al. [55] success-
fully used a multi-layer snow model to reproduce high-density melt-freeze crusts within sea-
sonal snow from significant historical reindeer mortality events in recent decades in Norway.
While previous work has explored the sensitivity of stratigraphy to warming temperatures
and climate change in that region [45–47], similar questions have yet to be explored in the
Western United States. This work in Scandinavia is on predominantly shallow, arctic snow-
packs. While arctic snow is generally cold enough to freeze any rain on snow, this may not be
true for maritime regions, such as the Pacific Northwest (PNW) of the United States, where
snow may be so warm that no refreezing occurs. Therefore, we hypothesize that the impact
of warming temperatures on snowpack structure may vary by region.

Here, we conduct a uniform temperature change (∆T) modeling experiment in the U.S.
Pacific Northwest to test the sensitivity of snowpack structure, particularly crust structure,
to warming temperatures. Specifically, we investigate (1) how snow stratigraphy, specifically
the presence and persistence of melt-freeze crusts, changes with warmer air temperatures, and
(2) how these changes vary across geographic and climatic regions. Section 2 describes our
methods, Section 3 our results, and we discuss their implications in Section 4 and conclude
in Section 5.
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2 Methods

2.1 Study Domain

The Natural Resource Conservation Service’s SNOwpack TELemetry (SNOTEL) network
encompasses 900+ automated surface meteorology and snow study sites across the Western
United States [20, 49]. We chose a set of SNOwpack TELemetry (SNOTEL) sites from
the Pacific Northwest to the Inland Northwest to the Rockies to compare trends in snow
stratigraphy across geographic space and a variety of climatic conditions (Fig. 1). Within
this domain, we selected the 53 SNOTEL sites that were both near a ski area and had at
least a 25-year period of record (from 2000-2024). The sites range in elevation from 1204m
to 2865m elevation and in mean winter (December-January-February) air temperature from
−0.7◦C to −8.8◦C. We chose sites located near ski areas to represent where humans travel
and live in the winter.

The climatology of our domain is strongly controlled by the Cascade Mountains that
run North-South across Central Oregon and Washington (Figure 1). To the west of the
Cascade crest, mean winter precipitation is high with mild winter air temperatures due to
its proximity to maritime air masses and the ocean [35]. Mean precipitation increases and
mean temperatures decrease moving North towards the Washington-Canada border at 49◦N,
the northern boundary of our domain. East of the Cascades, mean winter precipitation and
temperatures decrease (Figure 1).

2.2 Model Choice

For this work, we used the Structure for Unifying Multiple Modeling Alternatives (SUMMA)
[8, 9], set up as a variable layer model. Other multi-layer snow modeling options include
SNTHERM [27], CROCUS [7], and SNOWPACK [3, 31, 32]. SUMMA allows for the quick
modification of parameterizations, including comparing modeling schemes used in separate
models run within the same framework. Many previous studies have successfully used the
SUMMA modeling framework to represent various snowpack processes. Cristea et al. [13],
Currier et al. [14], and Wayand et al. [57] all used SUMMA to model snowpack processes in
the Greater Pacific Northwest region. In particular, Cristea et al. (2022) ran SUMMA in the
Western United States and in the Alps to effectively evaluate the impact layering schemes
had on other snow hydrology processes. SUMMA was run at hourly time steps with a high
vertical resolution, allowing for the representation of small layers and interfaces that cannot
be resolved with more vertically coarse modeling systems. We chose SUMMA for this work
over other high-resolution models for its ease of use in tuning parameterizations, ensuring
certain snow properties, such as stratigraphy, were properly resolved.

The SUMMA configuration used a layering scheme described by Jordan [27] with up
to 100 layers ranging in thickness between 1cm and 5cm. Each timestep is split into two
sequential steps using an implicit Euler time approximation scheme [9]. First, the processes
that affect layer thickness are calculated, including precipitation fluxes, snow compaction, and
sublimation. Then, thermodynamic and hydrologic fluxes are calculated, including radiative
fluxes and phase changes. At the end of each timestep, the layers are subdivided if any have
a thickness greater than 5cm or combined if any have a thickness less than 1cm. Layers are
only created and destroyed at the top of the snowpack, which maintains layers throughout
the accumulation season and represents melt-freeze crusts well. To accurately represent crust
formation in physics-based snow models, previous work by Wever et al. [58] highlights the
need to solve the Richards’ equation. SUMMA uses the Richards’ equation to solve for liquid
water flow through snow [9], which is the process we are trying to resolve here in investigating
ice crusts formed by rain on snow. Each layer has individual properties such as temperature,
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density, and thickness that were extracted at each timestep for further analysis.

Figure 1: (A) 1991-2020 mean winter (December-January-February) precipitation for our
domain from the Parameter Regression against Independent Slopes Model (PRISM) at 4km
resolution [16]. (B) PRISM 4km 1991-2020 mean winter air temperature. Black diamonds
represent selected SNOTEL sites.

2.3 Experiment Design

To create a representative range of current snow structure conditions, we ran SUMMA for
the 2000-2024 period, generating the mean annual statistics for each site, as described in
subsection 3.2. Climate models simulate mean annual warming in the Pacific Northwest
ranging from 1.8◦C to 6.1◦C over the 2071-2099 period, compared to 1971-1999 [15]. We
tested the sensitivity of snowpack stratigraphy to temperature change (∆T) by simulating
uniform warming of 2◦C and 4◦C.
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2.4 Meteorological Forcings

SUMMA requires input of air temperature, precipitation, incoming longwave radiation, in-
coming shortwave radiation, wind speed, specific humidity, and air pressure. We used observed
air temperature and precipitation at hourly timesteps from the SNOTEL network. The re-
maining five meteorological inputs used empirical derivations because the SNOTEL network
did not contain this data. Table 1 details these data sources, and subsection A.2 provides the
derivations.

The ∆T model runs tested two incremental warming scenarios by uniformly increasing air
temperature by 2◦C and 4◦C at all timesteps. We recalculated incoming longwave radiation
for each set of model forcings using the modified temperatures (Table 1). The other five
meteorological inputs remained unchanged compared to the original model.

Table 1: Meteorological forcings from SUMMA simulations

Forcing Variable Temp. Eval. Density Eval. SNOTEL
Kettle Ponds, CO Snoqualmie Pass, WA Sensitivities

Precip. rate (kg m2 s−1) observed observed observed
Air temperature (K) observed observed observed
Specific humidity (g g−1) observed Running et al. [48] Running et al. [48]
Wind speed (m s−1) observed uniform 2 m s−1 uniform 2 m s−1

Air pressure (Pa) observed Wallace and Hobbs [56] Wallace and Hobbs [56]
Shortwave rad. (W m−2) observed Bennett et al. [4] Bennett et al. [4]
Longwave rad. (W m−2) observed Dilley and O’Brien [17] Dilley and O’Brien [17]

2.5 Evaluation Methods

We evaluated our SUMMA simulations to test the representation of internal physical snow pro-
cesses, specifically temperature and stratigraphy. We evaluated stratigraphy at Snoqualmie
Pass, Washington using manual daily snow pit observations collected by the Washington State
Department of Transportation (WSDOT). Evaluating for dates with a crust vs. without, we
created a binary data set from both model output and snow pit observations for 1 December
to 31 March for Water Years (WYs) 2014-2016 and 2018-2024. Snow pit observations from
WY 2017 were missing from the WSDOT dataset. WSDOT’s Snoqualmie Pass site is unique
in the Western US for detailed, consistent, and archived manual snow pit observations near a
high-quality weather station.

At Snoqualmie Pass, snow temperatures were almost always near freezing. Therefore, we
evaluated SUMMA’s internal temperature configuration against vertical snow temperature
profile data from the Kettle Ponds site near Crested Butte, Colorado from the Sublimation
of Snow campaign [33]. This field campaign deployed this instrument during Water Year
2023. Using this high-quality temperature data from a buried thermistor array, we tuned the
model parameters to best represent the vertical profile of internal snow temperature. The
temperature array had thermistors every 10cm from snow depths of 40cm to 150cm above
the soil. The Kettle Ponds simulations used observed meteorological forcing to generate
hourly SUMMA output for Winter 2022-2023. Starting with the parameterizations from the
Reynolds Mountain, Idaho test case from Clark et al. [9], which included the atmospheric
stability scheme from Mahrt and Gamage [34] and the Hedstrom and Pomeroy [25] method
to calculate new snow density, we calibrated the thermal conductivity, atmospheric stability,
and new snow density parameters by comparing modeled snow temperature to Kettle Ponds
observations. We iterated within a range of thermal conductivity values from 0.15W m−1K−1

to 0.5 W m−1K−1 and ultimately selected 0.35 W m−1K−1. The final selected model set up
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and parameter values are detailed in Table A1 and Table A2 in the appendix. The rain-snow
partitioning temperature was set at 0◦C based on the conclusions of Currier et al. [14] using
the SUMMA model in Washington State. We found the best fit of parameter values and
model schemes using this configuration with a mean internal temperature bias 1.5◦C colder
than observations at Kettle Ponds.

2.6 Melt-freeze Crust Formation

In this paper, crusts refer specifically to melt-freeze crusts. As defined in Fierz et al. [19]
and Greene et al. [22], they are formed by a surface layer of snow ”that refroze after having
been wetted by melt or rainfall.” These occur when the temperature oscillates from below
to above freezing and back (Figure 2A, observed air temperature at Olallie Meadows, WA).
SUMMA runs with these observed temperatures simulated thin layers of high-density snow
(Figure 2B). With 2◦C warming, this site would not observe sub-freezing temperatures for
longer periods of time and would hypothetically have had fewer crusts.

The Olallie Meadows site is the closest SNOTEL to the WSDOT manual snow pit obser-
vations at Snoqualmie Pass. Manual snow pits, as shown in Figure 2C, are frequently dug by
avalanche forecasters to collect data on the relative hardness of different layers in the snow-
pack. Vertical hand hardness profiles were one of WSDOT’s primary observations collected
with snow pits. These hand hardness measurements estimated how resistant a layer is to
penetration by a fist (very soft), four fingers (soft), one finger (medium), a pencil (hard), or a
knife (very hard). This subjective yet repeatable metric has been widely used in the avalanche
industry to identify unique layers in snow pits [19]. For this work, we classified pencil and
knife-hard snow in the WSDOT snow pits as crusts. This method identified crusts on 474
days between 1 December and 31 March for WYs 2014-2016 and 2018-2024 (39% of days).

Figure 2: (A) Observed air temperature from the Olallie Meadows SNOTEL site near Sno-
qualmie Pass, Washington, observed air temperature +2◦C, and observed precipitation. (B)
SUMMA modeled density and depth using the observed temperature for Ollalie Meadows
SNOTEL for 1 December 2023 to 10 January 2024. (C) Example of a crust from a snow pit.
Photo credit: Clinton Alden.
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2.7 Crust Identification Algorithm

We tested several algorithms to identify crusts in SUMMA output by comparing them against
daily snow pit observations from WSDOT at Snoqualmie Pass. With SUMMA output (e.g.,
Figure 2B), we subdivided the snowpack into overlapping 15cm sections of snow depth centered
at 5cm increments. Using the average density of each of these 15cm sections, we identified
crusts where any of these sections increased by at least 150 kg m−3 when compared to the
layer below, during times when the average temperature of all layers is less than the melting
temperature (0◦C). The latter filter eliminated the time steps when the snowpack is isothermal
in spring. Because of the constant rate compaction scheme used in SUMMA [9], the refreezing
of liquid water from either melt or rain-on-snow events was the only physical process that
could create a layer with a higher density than the layer below it vertically. As used here,
SUMMA is a point model with no horizontal redistribution of snow. The model did not
modify snow density as a function of wind speed, and as a result, it did not simulate wind
crusts.

Complex mesoscale temperature inversions occur at many passes in the Washington Cas-
cades in the winter, including at Snoqualmie Pass [51, 57]. These cold air pools create difficulty
in representing precipitation type correctly. To address this issue, we ran SUMMA simulations
from the nearby Olallie Meadows SNOTEL for this crust identification comparison. Rain is
regularly observed while the pass level wet-bulb temperatures are below freezing [57]. As such,
using meteorological forcing from this site near Snoqualmie Pass but above this shallow cold
air pool provides a more realistic representation of the precipitation phase in snow models.
This decision was made based on careful analysis of the local meteorology across a number
of stations. We created a binary dataset with both observations and model output, denoting
days with crusts and without crusts between December 1 and March 31. We did not tune
SUMMA to match crusts but instead evaluated its ability to represent crusts in the results
(subsection 3.1).

3 Results

3.1 Model Evaluation

Here, we compared SUMMA model output for the Olallie Meadows SNOTEL to manual
snowpit observations from the Washington State Department of Transportation snow study
site at the nearby Snoqualmie Pass to evaluate the crust algorithm’s ability to detect crusts
in SUMMA output for Water Years (WYs) 2014-2016 and 2018-2024. Data from WY 2017
for Snoqualmie Pass was missing from the WSDOT dataset. We highlight two dates in WY
2024 with crusts (22 December and 10 February) and one date without crusts in the top
1m (23 January), represented in both manual and modeled snow profiles (Figure 3). On 22
December and 10 February, WSDOT recorded crusts in manual snow pit observations, buried
15cm and 10cm below the top of the snowpack respectively. SUMMA model output and our
crust algorithm also identified melt-freeze crusts on these dates at similar depths. On 10
February, no crusts were found in manual in situ observations. Similarly, SUMMA output for
this date did not show any high-density layers (crusts) in the top 1m of the snowpack.

Table 2: Crust Detection Model vs Manual Observations - Snoqualmie Pass, Washington -
Water Years 2014-2016, 2018-2024

No Observed Crust Observed Crust

No Modeled Crust 652 (54%) True Negative 233 (19%) False Negative

Modeled Crust 87 (7%) False Positive 241 (20%) True Positive
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Figure 3: Modeled snow density and depth for Snoqualmie Pass, Washington for 1 December
2023 to 1 March 2024. Manual snow pit hand hardness measurements for the site from the
WSDOT are annotated on 22 December, 23 January, and 10 February.

Using the crust identification algorithm discussed in subsection 2.6, our model correctly
matched 74% of the observations (Table 2). All modeled years in this dataset matched
observations at least 66% of the winter. When observed crust was present, the model correctly
identified it 51% of the time. When no crust was observed, the model simulated this correctly
88% of the time. When the model simulated a crust, it was correct 74% of the time. Thus,
the model tends to predict crusts less frequently than they are observed in snow pits, but
overall provides a more accurate assessment of crust frequency than predicting climatological
averages.

3.2 Snowpack Changes

The first of two criteria used to quantify stratigraphy changes was the change in the number
of winter days with a crust present (∆CD) between current climate and warmed model runs.
This quantity is defined in Equation 1. CD (crust-days) represents the average number of
days with a crust present between 1 December and 31 March for each site.

∆CD = CDwarm − CDcurrent (1)

The second criterion was the percent of the snow-covered season with an isothermal snow-
pack as defined in Equation 2 where ID (isothermal days) represents days where the average
snowpack temperature was equal to 0◦C and SCD represents the average snow-covered days
for each site. An isothermal snowpack as calculated here is where the vertically-averaged snow
temperature was warmer than −0.1◦C.

%I =
ID

SCD
(2)
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Figure 4: (A) Water year 2024 SUMMA modeled snow depth and density for Harts Pass with
observed meteorology. (B) Modeled snow depth and density for the same year at Harts Pass
with 2◦C of warming. (C) Modeled snow depth and temperatures for Harts Pass initialized
with observed meteorology. (D) Modeled snow depth and temperatures for Harts Pass with
2◦C of warming.

In general, in the current climate, warmer sites had fewer days with melt-freeze crusts
(i.e., western Oregon), while cooler locations had more crust days (i.e., interior Idaho). We
compared the number of melt-freeze crusts in both the current climate and warming scenarios
and observed trends that varied between the sites. As seen in Figure 5, warmer sites closer
to the Pacific Ocean had fewer days with crusts in the +2◦C model run. The opposite was
true for sites cooler sites and those further inland, where most sites in Idaho, Wyoming, and
Montana had more days with crusts with warming.

The change in number of winter days with a crust (∆CD, see Equation 1 above) was
negatively correlated with the mean winter air temperature at any given site (Figure 6). Sites
with colder mean December-January-February (DJF) air temperatures saw an increase in
crust days with warming, while those with warmer mean winter air temperatures saw fewer
days with crusts with warming.
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Figure 5: (A) The average number of snow cover days in the current climate model simulations,
SCDcurrent. (B) The change in the number of snow cover days with 2◦C of simulated warming,
∆SCD. (C) The number of days in the current climate model simulations with a crust present,
CDcurrent. (D) The change in the number of days with a crust with 2◦C of simulated warming,
∆CD.

All sites had a higher percentage of the snow season with an isothermal snowpack for
both air temperature warming scenarios when compared to the current climate model runs
(Figure 6A). Sites with a higher current mean DJF air temperature experienced a higher
percent change in isothermal temperatures for both warming scenarios (Figure 6A). The
relationship was stronger for the 4◦C warming scenario, indicating that with more warming,
sites are isothermal for an even greater fraction of the time.

Figure 6: (A) Percent change in days with an isothermal snowpack (∆%I) and mean winter
air temperature (DJF) for the +2◦C and +4◦C warming scenarios compared to present. (B)
Change in number of days with a crust ∆CD compared to mean winter air temperature
(DJF).
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4 Discussion

4.1 Stratigraphy Changes

The relationship between the trend in melt-freeze crusts with warming and mean winter air
temperature can be explained by the process by which these crusts are formed. Melt-freeze
crust formation requires liquid water from either melt or rain-on-snow (RoS) events to be
present in a cold snowpack with a vertically-averaged temperature below freezing. With
warming, more rain will fall, on average, than in the current climate [26]. In warmer regions,
the average snowpack will not be cold enough to freeze liquid water passing through it and
thus will not have the distinct melt-freeze crusts in question. If a site is too warm, rain may
either fall directly on the ground without snow or fall on a homogeneous snowpack that lacks
cold snow. However, in cooler regions, a future warmed climate will still possess cold snow
and thus will have more crust days with more frequent RoS events in a warmed climate (ie.,
Harts Pass, WA, see Figure 4).

The results discussed in subsection 3.2 demonstrate different trends that develop across
the Pacific Northwest because crust formation requires rain falling on cold snow. A snowpack
with an isothermal temperature profile at 0◦C lacks the cold content required to exchange
latent heat energy with incoming rain to refreeze. Figure 6 shows that sites with warmer mean
winter air temperatures in the current climate have a greater shift towards more days with an
isothermal snowpack than colder sites. These warm sites are predominantly in the maritime
snow climates of the Cascade Mountains of western Oregon and western Washington. If air
temperatures warm, these sites would see even fewer snow-covered days (Figure 5B), fewer
mid-winter freezing temperatures, and therefore, fewer crusts (Figure 5D).

4.2 Wildlife Implications

Changing snow stratigraphy and the frequency of ice crusts within seasonal snow also have
implications for wildlife. Many large herbivores forage in the winter by digging through the
snowpack to reach buried grasses, lichen, and other food sources [18, 43]. Previous research
has identified the number of days of the winter with ice present in a snowpack as having a
significant negative impact on reindeer (Rangifer tarandus) population growth rates [23]. More
ice crusts may increase winter mortality rates of herbivores for which winter food availability
is already a significant bottleneck [44]. Conversely, increased winter mortality may benefit
scavengers such as Arctic foxes (Vulpes lagopus) and boost carnivore populations [6, 24].

Changes in stratigraphy may also impact animal movement. While ice crusts can lock
up forage for herbivores, increased snow density may improve the movement abilities of some
animals. Carnivores, such as wolves, gain an even more pronounced locomotion advantage
in denser snow [54], which may be linked with observations of increased predation rates in
snowier winters [39].

Given the spatial patterns of our results, the changes to wildlife populations will vary
depending on the region. Warmer regions with fewer crusts may enhance forage accessibil-
ity and, therefore, benefit herbivore populations. In colder areas, on the other hand, more
frequent rain-on-snow events will render forage inaccessible for herbivores. Regardless, the
shrinking snow season that we observe across all regions provides a reduced window of op-
portunity for predators to exploit movement advantages, although greater melt-freeze crusts
and increased density may boost hunting effectiveness within these limited times.
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4.3 Avalanche Implications

The model simulations show an increase in ice crusts as a result of more frequent winter
rain-on-snow events in areas that currently have colder climates. The transition to a higher
fraction of wintertime precipitation falling as rain has already begun in the Western United
States, particularly in the Pacific Northwest [26, 29].

Changes to melt-freeze crust stratigraphy impact avalanche type, size, frequency, and
mitigation practices. With more thick melt-freeze crusts persisting throughout the winter in
the snowpack, meltwater can pool on these interfaces, increasing the likelihood of large (scale
D2) to very large (D3+) wet slab avalanches [37]. The dynamics of wet slab avalanches are
more complex than the typical storm slab and wet loose avalanche problems faced by avalanche
mitigation professionals. The presence of ice crusts can also prolong avalanche instability
during the spring as meltwater reactivates avalanche activity on a previously dormant melt-
freeze crust. In some instances, wet slab avalanches can be nearly impossible to trigger with
explosives and require days, if not weeks, for the snowpack to regain strength. For avalanche
practitioners, this can complicate mitigation work and delay the opening of seasonal roads
and ski terrain. Additionally, crusts provide a smooth and fast bed surface for avalanches to
run on. With this bed surface, avalanches can run further and faster down their path.

Stratigraphy changes, such as ice crusts, create vertical discontinuities in the pore space
and conductivity between snow grains in different layers. These discontinuities, in turn, create
a non-linear temperature profile in snow that is not yet isothermal. Above and below the
interfaces between these crusts and other layers, sharp temperature gradients can exist, higher
than the 1◦C/10cm threshold needed for kinetic metamorphism, or faceting [37]. Facets are a
critical weak layer that can trigger and propagate avalanches, requiring careful consideration
for forecasting and mitigation.

As snowpack stratigraphy evolves, avalanche forecasting operations must adapt to a new
paradigm. Currently, cooler regions that have not experienced ice crusts are likely to ex-
perience ice crusts in a warmer future. Reliance on past experience alone may no longer
suffice to guide future decision-making. Heuristics and institutional knowledge about snow-
pack behavior within an operational boundary become inadequate when faced with the types
of changes described in this work. If snow stratigraphy shifts in a specific region, correspond-
ing adjustments to avalanche forecasting and mitigation strategies may be necessary. It will
be imperative to transfer knowledge from those who have historically experienced snowpacks
with many melt-freeze crusts to forecasting operations in regions that have not.

5 Conclusion

A warming climate has significant impacts on seasonal snow cover. In this study, we modeled
the sensitivity of snowpack structure to climate warming across 53 SNOTEL sites in the Pacific
Northwest. Using observed precipitation and temperature data from 2000 to 2024, we simu-
lated statistics about snowpack duration, temperature structure, and crust presence/absence
for each site under current conditions and with uniform temperature increases of 2◦C and 4◦C.
The results showed that cooler, inland sites experienced more crust formation, while warmer
sites in Oregon and Washington exhibited fewer crusts under the modeled warming scenar-
ios. Furthermore, all sites demonstrated an increased percentage of the snow season with an
isothermal snowpack at both warming thresholds. In addition to this change in isothermal
temperatures, warmer locations lost more days with snow cover than cooler sites.

Crusts introduce new challenges for avalanche forecasting operations. Weak, faceted snow
grains can form near buried crusts, potentially altering the type and frequency of avalanches
in a region. These findings also have implications for wildlife biology, as crusts affect animals’
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ability to access buried forage and navigate the winter landscape.
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A Appendix

A.1 Model Decisions and Parameter Choices

Table A1: SUMMA Model Key Parameterization Values

Model Parameter Name Model Parameter Description Value

tempCritRain Tcrit (
◦C) Rain/snow partitioning temperature 0◦C

newSnowDenMin Min Density of New Snow 50 kg m−3

densScalGrowth Compaction Rate 0.1
fixedThermalCond snow Thermal Conductivity of Snow 0.35
Fcapil Capillary Pressure 0.04

Table A2: SUMMA Model Key Model Decisions

Model Decision Name Model Decision Description Choice

snowLayers Snow Layering Scheme jrdn1991
snowDenNew New Snow Density Scale hedAndPom
compaction Compaction Scheme consettl
astability Atmospheric Stability mahrtexp

A.2 Model Forcing Derivations

Due to previously recognized errors with the temperature observations in the SNOTEL net-
work, adjustments to temperature observations were made using the correction discussed in
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Currier et al. [14]. This error is a result of an erroneous conversion from voltage to degrees
Celsius, resulting in a warm bias at colder temperatures. The temperature correction is as
follows:

Tcorr = 1.03× TSNTL − 0.90 (3)

where Tcorr is corrected temperature in ◦C and TSNTL is raw observed temperature in ◦C.
This correction methodology from Currier et al. [14] used a least squares regression of temper-
ature observations from secondary instrumentation co-located at SNOTEL sites in Western
Washington.

Observations of wind speed, air pressure, specific humidity, incoming shortwave radiation,
and incoming longwave radiation are not consistently collected at SNOTEL sites. Therefore,
various empirical methods and approximations were employed to fill the meteorological forc-
ing dataset used by SUMMA.

Air pressure was derived using the hypsometric equation with the typical scale height of
the atmosphere and standard sea level pressure to determine an average air pressure for the
elevation of the site, given by:

ptypical = p0 exp

(
−z

H

)
(4)

where ptypical is the typical/average air pressure for a given elevation, p0 = 101325Pa is the
standard sea level air pressure, z is the elevation of the site above sea level in meters, and
H = 8000m is the scale height of the atmosphere for mid-latitudes. Once typical air pressure
is calculated, specific humidity and virtual temperature are calculated for each hourly time
step using ptypical. Air pressure can then be recomputed using the hypsometric equation with
virtual temperature for each time step as seen below where g = 9.8m

s2
, Rd = 287 J

kgK , and Tv

represents the virtual temperature.

p = p0 exp

(
−zg

RdTv

)
(5)

Specific humidity is filled by assuming a running minimum temperature to approximate
the dew point using the method described in Running et al. [48]. For each hourly time step,
the lowest temperature in the antecedent or subsequent 12 hours (24-hour window) is assumed
to be the dew point. From dew point and air temperatures, relative humidity and thus specific
humidity can be calculated using the following empirical relationship for each timestep [30]:

RH = 100− 5(Ta − Td) (6)

where Ta and Td represent air and dewpoint temperatures in ◦C respectively.

Wind speed was assumed to be 2m/s at all time steps, consistent with other studies using
uniform wind speed in the absence of quality in situ observations [12].

Incoming shortwave radiation was generated using the MetSim methodology developed by
Bennett et al. [4] using latitude, time of day, and time of year to generate theoretical maxi-
mum solar insolation values for each time step. A cloud correction was then applied using air
temperature and precipitation to approximate cloud albedo.
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Incoming longwave radiation was calculated using the empirical relationship from Dilley
and O’Brien [17], defined as

LW = 59.38 + 113.7

(
Ta

273.16

)6

+ 96.96

√
465 · e0
2.5 · Ta

(7)

where Ta is air temperature in K and e0 is vapor pressure in kPa. Currier et al. [14] explored
the different empirical longwave radiation schemes described in Flerchinger et al. [21] against
observations at Snoqualmie Pass, Washington. They found the Dilley and O’Brien method
to be the most accurate, which we used to generate forcing radiative fluxes for our model
simulations.
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