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Abstract. Rainfall during the snow season plays an increasingly important role in flood risk as climate warms and
extreme events become more frequent. However, a given sized rain-on-snow (ROS) event can yield outcomes ranging
10 from flooding to no runoff, depending partly on the snowpack’s antecedent cold content and capillary retention forces.
Here, we analyze the seasonal evolution of the snowpack’s physical state over a 72-year period to assess long-term
changes in its capacity to buffer runoff from liquid water input. We use ERA-5 Land data to force a snowpack model
that tracks the layer-by-layer development of heat, mass, and structural framework of the snowpack throughout the
snow season. We test our approach in a large Columbia River headwaters basin in NW Montana, USA. We evaluate
15 cold content and total capillary retention of the snowpack to determine long term trends in Liquid Water Buffering
Capacity (LWsc) as it evolves throughout the snow season. The LWy of the snowpack exhibited robust long-term
declines across all elevation bands, despite high intra- and interannual variability. The largest declines occurred during
the Spring period, trending downward across the historical period by 43% to 80% depending on the elevation band.
The core five weeks of mid-winter showed no trending change of LWy, and in fact demonstrated an increase in cold
20 content over the 72 years. Our findings demonstrate that changes in the snowpack’s ability to buffer runoff, including
dependencies on local basin factors related to snowpack seasonality and elevation, are a key component of evolving

ROS risk.

1 Introduction

Many extreme river discharges observed in mountain regions are associated with Rain-On-Snow (ROS) events due to
25 the compounding of runoff from rainfall with snowmelt (Berghuijs et al., 2016; Marks et al., 1998; McCabe et al.,
2007; Sui and Koehler, 2001). Consequently, ROS events can play a key role in assessments of flood risk (Li et al.,
2019; Musselman et al., 2018) and infrastructure management (Judi et al., 2018; Yan et al., 2018). As climate warms
and extreme weather events become more frequent (e.g. Fischer and Knutti, 2016; Robinson et al., 2021), there is
increasing attention on the frequency and intensity of large rainfall events occurring during the snow season (Freudiger
30 etal., 2014; Musselman et al., 2018). Numerous studies have therefore addressed how atmospheric conditions driving
frequency and intensity of ROS events have evolved in a changing climate (Cohen et al., 2015; Ohba and Kawase,
2020; Pall et al., 2019). Other studies (Haleakala et al., 2023; Marks et al., 1998; Musselman et al., 2017, 2018;
Wayand et al., 2015) have directly acknowledged the importance of antecedent conditions of the landscape,

streamflow, and snowpack on the effect of ROS flood risk. For instance, a ROS event occurring in Spring, when
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35 melting snow already contributes to widespread runoff across the landscape, may generate markedly different

hydrological responses compared to an event occurring in mid-winter.

The physical state of the snowpack at the onset of rain can also cause the runoff generated by a given ROS event to
vary significantly. Before a 1D profile of the snowpack reaches a state in which it can release water from its base, two
40 key conditions must first be met: the snow must be warmed to 0 °C, eliminating its cold content, and its pore space
must be saturated with enough liquid water to overcome internal capillary forces (Colbeck, 1972). Cold content is
primarily removed by the latent heat released during the refreezing of rainwater or infiltrated snow melt water
(Colbeck, 1972). The degree of saturation needed to overcome capillary forces depends on the evolving snow
microstructure but is typically estimated at 5—7% by volume or 5-15% by weight (e.g. Coléou and Lesaftre, 1998).
45 The buffering effects of both cold content and capillary retention can be quantified as liquid water equivalents,
representing the volume of water required to meet the energy and saturation thresholds for flow initiation (DeWalle
and Rango, 2008). Here, we term this quantity the Liquid Water Buffering Capacity (LWy.). Robust assessments of
long-term changes in ROS flood risk must consider not only atmospheric forcing, antecedent land surface and stream
conditions, but also how this snowpack LWy, has evolved under changing climate conditions.
50
As near-surface air temperatures rise, most indicators of snowpack stability are in decline (Barnett et al., 2005), though
the nature and magnitude of these changes vary by region (Luce et al., 2014; Mote et al., 2005, 2018; Musselman et
al., 2021) and elevation (Aguado et al., 1992). Observed changes include earlier peak spring runoff (Barnett et al.,
2005), reduced snow persistence (Evan, 2019), declining April 1 Snow Water Equivalent (SWE) (Mote et al., 2005,
55 2018), and decreasing snow cover extent (Déry and Brown, 2007). However, changes in physical parameters related
to the snowpack’s LWy, are poorly documented, as they are not easily observable at the basin scale or remotely sensed.
Moreover, the evolution of LWy, throughout the snow season, and long-term changes therein, is vital since ROS events
do not necessarily have equal probability of occurring on each day with snow on the ground. Consequently, the lack
of information on cold content and capillary resistance complicates efforts to reconcile climatic shifts in ROS runoff

60 characteristics with critical antecedent snowpack conditions.

Evaluating present and future snowpack change requires understanding how the system has evolved over time. This
study investigates historical changes in the snowpack’s ability to buffer runoff from ROS events. Because essential
basin-wide observational data such as daily measurements of cold content do not exist, we utilize a 72-year model
65 simulation of the seasonal evolution of internal snowpack conditions. Modeling LWbc parameters is computationally
expensive, requiring layer-by-layer tracking and accounting for high temporal and spatial variability, including
microstructural evolution. Broad regional-scale studies are not only computationally impractical but may obscure the
importance of transient and localized processes. We therefore conduct detailed modeling and analysis of long-term
trends in snowpack cold content and capillary retention in a large Columbia River headwaters basin in northwest
70 Montana, USA as a proof-of-concept study. Understanding how snowpack buffering capacity has changed under a

warming climate provides critical context for interpreting recent and future hydrologic risks.
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2 Methods

75 2.1 Study basin

EGUsphere®

Our work is focused on the South Fork of the Flathead (SFF) River watershed basin which has an area of approximately

4,340 km? and spans an elevation range from 922 m to 2853 m above sea level (Fig. 1). The basin consists of

undeveloped forest and alpine areas with a dam-controlled reservoir covering about one fourth of the valley floor.

Within the basin, there are four permanent automated weather stations, one of which is a Snow Telemetry (SNOTEL)

80 site located at a relatively low elevation of 1326 m elevation (Emery Creek SNOTEL). Another SNOTEL site is

located approximately 500 meters west of the basin ridge line at 1841 m elevation close to the northern end of the
basin (Noisy Basin SNOTEL). We include a ~29 km? area around this SNOTEL site in our watershed model domain

in order to have two sites with different elevations to compare our modeled SWE results against.
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Figure 1: Map of the South Fork of the Flathead Basin with modeled area (cross hatched area), ERAS-Land pixel centroids
(red triangles), and SNOTEL sites (yellow stars). This map was made using QGIS, USGS 180m DEM, and Montana Fish

Wildlife and Parks stream and lake data.
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90

2.2 Snowpack simulations

We use Alpine3D (Lehning et al., 2006) to model snowpack evolution physics over the SFF basin with an 800 by 800

m resolution, with this resolution the model elevation range is 944 m to 2594 m above sea level. Alpine3D is a spatially
distributed snow allocation and surface hydrology developed by the WSL Institute for Snow and Avalanche Research.

95 The model incorporates modules for resampling/filtering meteorological data (MetlO) (Bavay and Egger, 2014) and
a physics based, finite element 1D snowpack evolution model (SNOWPACK) (Lehning et al., 1999) along with
internal models for snow transport (SnowDrift), energy balance (EBalance), and runoff. Model forcing parameters
listed in Appendix Table A1 are derived from ERAS5-Land reanalysis products (Mufioz-Sabater et al., 2021). ERAS-

Land is a global reanalysis product based on the land surface component of the fifth generation European ReAnalysis

100 (ERAS) meteorological model provided by the European Centre for Medium-Range Weather Forecasts (ECMWEF)
which is available globally on a 0.1-degree grid with hourly time steps from 1950 to 2-3 months prior to the present

date. Comparison of modeled max SWE and date of max SWE vs. SNOTEL measurements show reasonable
agreement when ERAS-Land precipitation input is multiplied by a regional factor of 1.5 (Fig. A1). This regional bias
correction of precipitation is based on a simple regression of ERAS5-Land and SNOTEL precipitation (Pan et al., 2003)

105 which accounts for well-known uncertainty in land surface model precipitation values, especially in mountainous

terrain (e.g. Cho et al., 2022; Pan et al., 2003; Raleigh et al., 2015).

2.3 Cold content and LWp from model outputs

As part of the physics-based model structure of Alpine3D, cold content and SWE of the full snowpack depth are
110 calculated for each time step in the model. Within the model, cold content (CC) is calculated for each layer by Eq. (1):
CC=cipsds (Ts - Tn), @))
where ¢; is the specific heat of ice, p; is the snow density, d; is depth of snow, and 7 and T, are the snow and melting
temperature of snow, respectively. We calculate LWy, using Eq. (2):
LWbc = (CC/Lf)— (SWE (sw) — LWC), 2)
115 where CC'is cold content (MJ/m?), SWE is snow water equivalent (kg/m?), S, is the irreducible water saturation of the
snowpack (percent by weight), LWC is liquid water content of the snowpack (kg/m?), and Lyis the latent heat of fusion
for water (0.334 MJ/kg). Note that the units of LWy (kg/m?) can be expressed as millimeters of water equivalent (mm

WE), which we use for our results.

120 Laboratory derived estimates of S,, range from 5-15% by weight (e.g. Coléou and Lesaffre, 1998). We identify S, in
the model output as this is the minimum liquid water content within a zero-degree snowpack that allows for runoff.
We calculate this for each grid point by determining the annual minimum of the liquid water content divided by SWE

where (1) SWE is greater than zero, (2) cold content is zero, and (3) water flows from the base of the snowpack. This
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value of S,, allows for spatial and temporal variation of irreducible water saturation without the magnitude of LWy,

125 falling below zero.

2.4 Trend analysis

We examine trends in modeled SWE, cold content, and LWy over the 72 years of model time (water years 1951-
2022). Each of these snowpack parameters varies throughout the year at each grid point, generally growing slowly in
magnitude from late fall through mid-winter and reducing quickly in the late winter and spring. Since this evolution
130 of accumulation and ablation is roughly consistent through time, we are able to analyze inter-annual variations in snow
properties by date. We exclude Feb 29" from our analyses which is consistent with previous snow studies that assess
seasonal snowpack on a specific date, usually early to mid-April in the Western United States (e.g. Bohr and Aguado,

2001; Hatchett and McEvoy, 2018; Pederson et al., 2011; Schmitt et al., 2024; Serreze et al., 1999).

135  Snowpack properties on any given day can vary greatly from year to year (e.g. Fig. 2a), resulting in low significance
to a trend line fit to data. Therefore, to generate robust confidence intervals in our trend analysis, we use a modified
bootstrap linear regression technique wherein we randomly omit a portion (20%) of the data, compute a linear fit to
the remaining data, and repeat the process 10,000 times for each day of the water year. There are approximately 20
billion random combinations of a 20/80 split for our time series data; we assume that 10,000 iterations are a

140 representative sub-set of the full set of random combinations (e.g. Fig. 2a). Histograms of regression coefficients
(slopes) for the linear fits reveal a near-Gaussian probability distribution of trends associated with the change in
modeled snowpack properties on a single day of year (e.g. Fig. 2b). Trends and errors are then based on the evolution

of the daily probability distributions throughout the water year.
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Figure 2: Example of a single day (April 1) trend analysis of LWh.. (a) Full-basin mean LWh. values for each year (red plus
signs) with the regression lines (aqua with 1% opacity) from fitting a random 80% of the data 10,000 times. (b) A histogram
of the slopes of 10,000 regression lines plotted in (a) reveals a near-Gaussian (orange dotted line) distribution.
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150  This modified bootstrap approach allows us to constrain the upper and lower significance bounds for the full 72-year
period more accurately than other slope estimation techniques such as the Theil-Sen estimator, which includes short
time scales in the error calculation. Both methods give similar values for coefficient of change (less than 0.25 mm WE
difference when applied to SWE data). Here we consider trends to be statistically significant only where the 20, 95%
bounds on the normal distribution of the regression coefficients do not include 0 mm WE per year.

155
Along with providing an analysis of the 72-year trend in average snowpack over the entire basin, we also analyzed
the trends over 17 elevation bands of 100 m each to elucidate the effect of elevation on the snowpack properties. To
aid in our analysis of the trends, we divide the snow season into four periods which are defined by inflection points in
the SWE and LW, trend curves (see results). We call these periods Early Accumulation (November 19 to January

160 27), Core Accumulation (January 28 to March 8), Late Accumulation (March 9 to April 17), and Melt Onset (April
18 to June 7).

3 Results
3.1 Seasonal evolution of trends

Snowpack properties from our model output show interannual variability greater than 60% of mean basin values for
165 each day from the beginning of Early Accumulation to through the end of Melt Onset (e.g. Fig. 2a). However, even
with the large variance in the data, probability distribution functions of the modified bootstrap linear fits are robust,
resulting in a near-Gaussian distribution of the calculated trends (e.g. Fig. 2b). The prevalence of large interannual
variability resulting in near-normal distribution from Early Accumulation through Melt Onset is seen in SWE, CC,
and LWy, (Fig. 3). For modeled SWE outputs, these variations in magnitude are approximately commensurate with
170 the mean magnitude of values whereas variations in magnitude are greater than the mean magnitude of CC and LWy,
daily values.
Trends in snowpack properties exhibit distinct seasonal patterns. Across the Early Accumulation Period, the
magnitudes of SWE trends are negative, indicating diminishing snowpack over the 72 years. With changes amassing
as the snowpack accumulates during winter, the trend magnitudes of SWE loss generally grows with time, reaching a
175 rate of 1.4+ 0.5 mm WE yr™' by the end of the period. The SWE loss is accompanied by a small reduction in CC of
up to 0.050 + 0.02 mm WE yr~", and small but significant trends of decreasing L W.
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Figure 3: Model results for SWE (a), CC (c), and LWhpc (e) for the entire SFF basin. In each panel, the lighter lines show

yearly evolution of the individual snowpack property, black lines are the 72-year mean values. Daily trend probability
180 values for SWE (b), CC (d), and LWh. (f) are plotted with mean values (darkest lines), 90% confidence intervals (darker

shading), and 95% confidence intervals (light shading). These probability values are derived from the gaussian distribution

of trends like those shown in Fig. 2. Both CC and LWy, are values of energy deficiency that must be overcome before

snowpack runoff can occur, therefore reported values are negative and positive values in the coefficient of change (trend)

indicate a reduction of the magnitude of the property. For visual consistency with changes in SWE, we invert the y-axis of
185 trend plots for CC and LWh. so that values below the x-axis indicate a decrease in absolute magnitude.
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The Core Accumulation Period begins with held-over deficits in SWE, CC, and LWy.. Trend magnitudes of SWE loss
cease to increase over time, indicating no significant changes to the growth of SWE during the midwinter period.
However, CC trends, which start the period as negative, become increasingly less negative early in the period. This
190 indicates that the CC during the 72 years trended upward during much of February due to colder snowpack
temperatures. The magnitude of LWy, trends show slight decreases during early February but remain relatively
unchanged during the mid-winter period. The trends of CC loss then increase in the Late Accumulation Period, likely
reflecting greater surface temperatures and/or more liquid precipitation. As a result, LWy trend magnitudes decline
sharply despite unchanged trends in SWE.
195
During the Melt Onset Period, SWE trends show rapidly decreasing values. This is consistent with earlier melt onset;
the date of peak SWE shifted by 0.18 days earlier per year, equivalent to about two weeks earlier over 72 years (Fig.
A2). The trends of CC approach zero by late May, reflecting no possible changes in the CC of an isothermal snowpack.

Similarly, trends of LW, continues to decline as the snowpack ripens and becomes isothermal.

200 3.2 Elevation analysis

We find increased vulnerability to ROS flooding events at all elevations during all accumulation periods (Fig. 4a),
with the largest trends occurring at the highest elevations (Fig. 4b) and the greatest risk of a total loss of LWy, at
relatively low elevations since the LWy, magnitude is less at low elevations (Fig. 4c). Percent loss of LWy, in the Early
and Core Accumulation periods is approximately 20% of the mean magnitude of LWy with the exception of the lowest

205 elevation band. Late Accumulation percent loss of LWy ranges from about 42% to 78%, with the highest percent loss
at the lowest elevations (Fig. 4a). Increased risk of ROS-induced runoff causing flooding, however, is greatest where
the percent decrease in LWy is high and the mean magnitude SWE is also high. Our data show that this elevation
range is between about 1600 m and 2300 m, where modeled LWy, has decreased by 42% to 58% and over 75% of
total basin SWE typically exists (Fig. 4d).
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Figure 4: Total change in LHic over the 72-year period as a percentage of mean magnitude at 100 m elevation bands (a) for
Early Accumulation (blue circles, dashed line), Core Accumulation (orange X’s, dotted line), and Late Accumulation (green
triangles, solid line). These values were calculated by multiplying the mean trend (b) by 72 years and dividing the result by
the mean magnitude (c) for each elevation bin. Although the lowest elevations have the highest percent change in LWy,

215  very little of the basin SWE is located in the lower elevations (d), meaning a ROS melt event will have minimal impact
compared to ROS melt events over elevation rages with higher percent of total basin SWE.

3.3 Long-term changes in snowpack buffering

Examination of mean LWy, over the 72 model years reveals an increasing amount of interannual variability for mean
220 LWy, during the Late Accumulation period which is not apparent in the Early or Core Accumulation periods (Fig. 5
a,b,c). Changes in interannual variability are especially striking when we compare the coefficient of variation (CV)
for the first 36 model years (1950-1986) to the last 36 model years (1987-2022) over the three accumulation periods
(Table 1). This comparison reveals that there is very little change in LWy, interannual variability during the Early
Accumulation and Core Accumulation periods, whereas the last 36 years of the Late Accumulation period has nearly

225 double the interannual variability (52.1%) of the first 36 years (27.1%).
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Figure 5: Evolution of mean annual LWy for Early Accumulation (a), Core Accumulation (b), and Late Accumulation (c).
Note the significant decrease in minimum Late Accumulation mean LWy from 1986 (where Late Accumulation LWy, is
zero) to 2022. In fact, 16 of the 36 years after 1986 have lower mean Late Accumulation LWy than any year before 1986.

230 This level of decrease is not seen in the fall and Core Accumulation data. (d) Plotting the number of years with at least one
Early Accumulation (March 10 to April 18) day with zero LWy at each elevation reveals the discrepancy between the first
36 years (water years 1951-1986) and the second 36 years (1987-2022). This discrepancy is evident at all elevations.

Table 1: Coefficient of variability for the first 36 and last 36 model years in the Early Accumulation, Core Accumulation,
and Late Accumulation periods.

Period WY 1951-1986 WY 1987-2022
Early Accumulation CV =30.7 Cv =281
Core Accumulation Cv =237 CV =264
Late Accumulation Cv=271 CvV =521

235

3.4 Differences in 1950-1985 and 1986-2022

There are other marked differences between the Late Accumulation snowpack LWy, for the first 36 model years and
last 36 model years. To highlight this, we examined the number of years with at least one day of zero LWy, for each

100 m elevation band within the basin (Fig. 5d). During the first 36 model years, at the lowest elevations (900 m to

10
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240 1300 m) Late Accumulation LWy reached zero for at least one day between 25% and 97% of modeled years, between
1300 m and 2000 m spring LWy, reached zero between 3% and 9% of the years. Only the year 1986 had zero LWy,
for at least one day above 2000 m elevation, the 1986 model run has zero LWy, for the entire Late Accumulation
period across all elevations. In contrast, the last 36 years of the model period has 2-5 years where LWy, went to zero
for at least one day at all elevations. Further, below 1300 m elevation LWy, dropped to zero more than 50% of years,

245 Dbetween 1300 and 2100 m elevation 14% to 44% of the latter half of the years modeled had zero LWy, and 5% to

11% of years had zero LWy, for at least one day for elevations above 2100 m.

4 Discussion
4.1 Infiltration processes

Interpretation of the trends we identify in our analysis must accommodate the limitations of our modeling framework
250 and assumptions. Our analysis addresses the total LWy of the full one-dimensional snowpack, calculated at points
and distributed over the basin. However, prior studies have shown that during ROS events, initial water inputs to the
snowpack often bypasses much of the snow by traveling along preferential flow paths, reaching the base and initiating
runoff before the entire snowpack is saturated or "ripened" (Juras et al., 2017; Wiirzer et al., 2016). Runoff can
therefore begin several hours before the bulk snowpack has received enough energy to become fully ripened. In our
255  case, the 1D LWy, can be interpreted either as the energy barrier associated with flow along preferential pathways, or
as the integrated capacity of the full snowpack. The distinction is critical in hydrologic studies concerning the buffering

effects on the specific timing of ROS runoff onset.

4.2 Snowpack trends

Trends of declining peak SWE in the mountain snowpack of the western U.S. have been documented by numerous
260 studies (e.g. Hamlet et al., 2005; Mote et al., 2005, 2018), most commonly based on April 1 values. However, LW,
and trends therein depend on the interplay between SWE and CC and thus require more complex interpretation with

regards to changes in potential runoff from ROS events.

High interannual variability is SWE is a well-established characteristic of the Western U.S. mountain snowpack (e.g.
265 Cayan, 1995; Musselman et al., 2021; Serreze et al., 1999; Zeng et al., 2018). Our results show an overall decline in
LWy, that is accompanied by increased interannual variability, especially in spring. Some years are characterized by
shallow, warm snowpacks, while others resemble the colder, more persistent snowpacks that were common in the
1950s—1980s. Thus, despite a long-term trend toward greater ROS-induced runoffrisk due to lowered LW, individual
years with relatively low susceptibility still occur late in the record. Overall trends need to be interpreted within the

270 context of year-to-year variability.

The impact of changing LW, on the potential for ROS-induced runoff also shows strong seasonality. Our findings

reveal a clear trend toward less snowpack during the Early Accumulation period, and thus reduced average flood

11
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hazard, consistent with prior work indicating that ROS risk declines with diminishing snowpack (McCabe et al., 2007;
275 Musselman et al., 2018). Although the effects of reduced SWE and CC during the Early Accumulation period carry
over to the Core Accumulation period, the latter shows no additional loss in LWy over our 72-year record. SWE
exhibits no significant trend, and CC actually increases over much of the period, as does LWy, early on. Had significant
warming or rainfall increases occurred, we would expect declining CC and LWbc, which are not observed. This
stability is remarkable compared to the substantial changes in snowpack properties during the early and late periods.
280 Moreover, despite representing a relatively small share of the snowpack’s energy balance, the CC appears to play a

critical role in maintaining this resilience.

Although SWE in our basin peaks in later April or May, typical of the Northern U.S. Rockies (e.g. Bohr and Aguado,
2001; Zanewich and Rood, 2025), March emerged in our analysis as the critical month with relatively sustained peak
285 LWy After March, the average potential for runoff from ROS events has increased as the CC has trended strongly
downward and the number of days with a ripe snowpack has trended upward. While the largest changes in LW}, were
at high elevations, this is where the LWy, is greatest and requires the most energy input from a ROS event to induce
runoff. Low elevation areas of the basin, on the other hand, do not accumulate much SWE and never had much LWy,
against ROS flooding. Thus, it is the mid-to-high elevations that represent a “vulnerability zone,” where significant
290 SWE volume, combined with marked LWy, decline, creates conditions most conducive to ROS enhanced runoff.
These areas contribute the bulk of basin SWE, making their increased susceptibility particularly important for

downstream flood risk.

4.3. Trends compared to ROS event size

Quantifying the historical frequency, duration, and intensity of winter rainfall events in mountain basins remains
295 challenging, particularly in basins lacking long-term instrumentation. While extreme weather events are already
intensifying (e.g. Fischer and Knutti, 2016; Li et al., 2024) and are projected to further increase under a warming
climate (Seneviratne et al., 2021; de Vries et al., 2024), the rarity and spatial variability of such events make them
particularly difficult to quantify and project at the scale required for watershed hazard assessments (e.g. Broderick et
al., 2019). Conceptually, a warming climate tends to (a) shift precipitation from snow to rain and (b) increase the
300 magnitude of extreme precipitation events (Donat et al., 2013; Rahmstorf and Coumou, 2011). However, the detailed
quantification of these metrics for a given basin, which is necessary for robust rain-on-snow (ROS) risk analysis,

remains elusive.

Nevertheless, the relevance of our findings depends on whether the observed 72-year decline in snowpack LWgc is
305 meaningful relative to the size and frequency of winter rainfall events in this basin. This motivates a first-order
assessment of snowpack LWgc with precipitation. Over the study period, the March 15 snowpack LWgc declined on
the average trend line by 19 mm, from 46 mm in 1950 to 27 mm in 2022. Thus, a rainfall event of 27 mm would
deplete all the 2022 snowpack LWgc value, but only 60% of the 1950 value which requires 46 mm. How frequent

have such events been? Using the 49 years of existing precipitation records from the Noisy Basin SNOTEL site, March
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310 events with above-freezing air temperatures had recurrence intervals of approximately 2 years for 27 mm and 10 years
for 46 mm. Many of these events were likely warm snowfalls rather than pure rain. Nevertheless, the decline in
snowpack LWgc along the trend line implies an impactful increase (fivefold in this exercise) in the frequency that the
snowpack LWy, could be fully depleted by a precipitation event. Importantly, this appraisal (1) is based on changes to
the snowpack only, not precipitation; (2) assumes that all precipitation falls as rain, and; (3) applies only to the mean

315 trend, noting that snowpack LWgc exhibits substantial interannual variability.

5. Conclusions

Using distributed, physics-based modeling of snowpack evolution driven by 72 years of climate reanalysis data, we
evaluate long term changes in snowpack properties that serve to buffer ROS water inputs from runoff. Our trend
analysis, via a modified bootstrap regression, reveals overall declining LWy, in a system characterized by very high
320 interannual variability. This trend signals an increased susceptibility of the average winter snowpack to runoff from
ROS events. Snowpack changes, however, have not been monotonic with regards to the winter season: declines in
buffering capacity are concentrated in fall and spring, while mid-winter conditions have remained comparatively

unchanging.

325 Trends showed largest losses of cold content and LWy during the Late Accumulation and Melt Onset periods.
Consequently, the number of days with ripe snowpack and elevated ROS risk increased substantially. On average,
late-season LWy decreased by 42—-80% relative to the 72-year mean, with lower elevations experiencing the largest
proportional declines. The interannual variability of LW, during the Late Accumulation period intensified in recent
decades, with some years resembling deep and cold snowpacks of the 1950—1980s and others showing exceptionally

330 low buffering capacity.

Our basin study serves as a proof of concept, showing changes in snowpack properties can be strongly sub-seasonal
and elevation dependent. This suggests that assessments of ROS risk are not easily generalized by region (e.g., coastal
versus intermountain) but must explicitly account for both the timing within the snow season, the controlling role of
335 elevation, and the importance of interannual variability. High fidelity assessments of snowpack physical conditions

are thus needed to meaningfully anticipate evolving flood hazards in a warming climate.
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Code and Data Availability

Code written for this study is available at: https:/doi.org/10.5281/zenodo.17290309. ERAS-Land data can be
downloaded at: https://cds.climate.copernicus.eu/datasets/reanalysis-era5-land?tab=download. Alpine3D code is

available at: https://code.wsl.ch/snow-models/alpine3d.

345 Acknowledgements

This work was funded by NSF grant number 2119689

Competing Interests

The authors have no competing interests.

References

350 Aguado, E., Cayan, D., Riddle, L., and Roos, M.: Climatic Fluctuations and the Timing of West Coast Streamflow, J
Clim, 5, 1468-1483, https://doi.org/10.1175/1520-0442(1992)005<1468:CFATT0>2.0.CO;2, 1992.

Barnett, T. P., Adam, J. C., and Lettenmaier, D. P.: Potential impacts of a warming climate on water availability in
snow-dominated regions, https://doi.org/10.1038/nature04141, 17 November 2005.
Bavay, M. and Egger, T.: MeteolO 2.4.2: A preprocessing library for meteorological data, Geosci Model Dev, 7,

355 3135-3151, https://doi.org/10.5194/gmd-7-3135-2014, 2014.

Berghuijs, W. R., Woods, R. A., Hutton, C. J., and Sivapalan, M.: Dominant flood generating mechanisms across the
United States, Geophys Res Lett, 43, 4382-4390, https://doi.org/10.1002/2016GL068070, 2016.

Bohr, G. S. and Aguado, E.: Use of April 1 SWE measurements as estimates of peak seasonal snowpack and total
cold-season precipitation, Water Resour Res, 37, 51-60, https://doi.org/10.1029/2000WR900256, 2001.

360 Broderick, C., Murphy, C., Wilby, R. L., Matthews, T., Prudhomme, C., and Adamson, M.: Using a Scenario-Neutral
Framework to Avoid Potential Maladaptation to Future Flood Risk, Water Resour Res, 55, 1079-1104,
https://doi.org/10.1029/2018WR023623, 2019.

Cayan, D. R.: Interannual Climate Variability and Snowpack in the Western United States, J Clim, 9, 928-9438,
https://doi.org/10.1175/1520-0442(1996)009<0928:ICVASI>2.0.CO;2, 1995.

365 Cho, E., Vuyovich, C. M., Kumar, S. V., Wrzesien, M. L., Kim, R. S., and Jacobs, J. M.: Precipitation biases and
snow physics limitations drive the uncertainties in macroscale modeled snow water equivalent, Hydrol Earth Syst Sci,
26, 5721-5735, https://doi.org/10.5194/hess-26-5721-2022, 2022.

Cohen, J., Ye, H., and Jones, J.: Trends and variability in rain-on-snow events, Geophys Res Lett, 42, 7115-7122,
https://doi.org/10.1002/2015GL065320, 2015.

370 Colbeck, S. C.: A Theory of Water Percolation in Snow, Journal of Glaciology, 11, 369-385,

https://doi.org/10.3189/s0022143000022346, 1972.



https://doi.org/10.5194/egusphere-2025-4971
Preprint. Discussion started: 2 December 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Coléou, C. and Lesaffre, B.: Irreducible water saturation in snow: experimental results in a cold laboratory, Ann
Glaciol, 26, 64—68, https://doi.org/10.3189/1998a0g26-1-64-68, 1998.
Déry, S. J. and Brown, R. D.: Recent Northern Hemisphere snow cover extent trends and implications for the snow-

375 albedo feedback, Geophys Res Lett, 34, https://doi.org/10.1029/2007GL031474, 2007.

DeWalle, D. R. and Rango, A.: Principles of Snow Hydrology, Cambridge University Press, Cambridge, 2008.

Donat, M. G., Alexander, L. V., Yang, H., Durre, 1., Vose, R., Dunn, R. J. H., Willett, K. M., Aguilar, E., Brunet, M.,
Caesar, J., Hewitson, B., Jack, C., Klein Tank, A. M. G., Kruger, A. C., Marengo, J., Peterson, T. C., Renom, M., Oria
Rojas, C., Rusticucci, M., Salinger, J., Elrayah, A. S., Sekele, S. S., Srivastava, A. K., Trewin, B., Villarroel, C.,

380 Vincent, L. A., Zhai, P., Zhang, X., and Kitching, S.: Updated analyses of temperature and precipitation extreme
indices since the beginning of the twentieth century: The HadEX2 dataset, Journal of Geophysical Research
Atmospheres, 118, 2098-2118, https://doi.org/10.1002/jgrd.50150, 2013.

Evan, A. T.: A new method to characterize changes in the seasonal cycle of snowpack, J Appl Meteorol Climatol, 58,
131-143, https://doi.org/10.1175/JAMC-D-18-0150.1, 2019.

385 Fischer, E. M. and Knutti, R.: Observed heavy precipitation increase confirms theory and early models,
https://doi.org/10.1038/nclimate3110, 1 November 2016.

Freudiger, D., Kohn, I, Stahl, K., and Weiler, M.: Large-scale analysis of changing frequencies of rain-on-snow events
with flood-generation potential, Hydrol Earth Syst Sci, 18, 2695-2709, https://doi.org/10.5194/hess-18-2695-2014,
2014.

390 Haleakala, K., Brandt, W. T., Hatchett, B. J., Li, D., Lettenmaier, D. P., and Gebremichael, M.: Watershed memory
amplified the Oroville rain-on-snow flood of February 2017, PNAS Nexus, 2,
https://doi.org/10.1093/pnasnexus/pgac295, 2023.

Hamlet, A. F., Mote, P. W., Clark, M. P., and Lettenmaier, D. P.: Effects of Temperature and Precipitation Variability
on Snowpack Trends in the Western United States*, 2005.

395 Hatchett, B. J. and McEvoy, D. J.: Exploring the origins of snow drought in the northern sierra nevada, california,
Earth Interact, 22, 1-13, https://doi.org/10.1175/EI-D-17-0027.1, 2018.

Judi, D. R., Rakowski, C. L., Waichler, S. R., Feng, Y., and Wigmosta, M. S.: Integrated modeling approach for the
development of climate-informed, actionable information, Water (Switzerland), 10,
https://doi.org/10.3390/w10060775, 2018.

400 Juras, R., Wiirzer, S., Pavlasek, J., Vitvar, T., and Jonas, T.: Rainwater propagation through snowpack during rain-
on-snow sprinkling experiments under different snow conditions, Hydrol Earth Syst Sci, 21, 4973-4987,
https://doi.org/10.5194/hess-21-4973-2017, 2017.

Lehning, M., Bartlet, P., Brown, B., Russi, T., Stockli, U., and Zimmerli, M.: SNOWPACK model calculations for
avalanche warning based upon a new network of weather and snow stations, Cold Reg Sci Technol, 30, 145-157,

405 1999.

Lehning, M., Vdlksch Ingo, 1., Gustafsson, D., Nguyen, T. A., Stéhli, M., and Zappa, M.: ALPINE3D: A detailed
model of mountain surface processes and its application to snow hydrology, in: Hydrological Processes, 2111-2128,

https://doi.org/10.1002/hyp.6204, 2006.



https://doi.org/10.5194/egusphere-2025-4971
Preprint. Discussion started: 2 December 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

Li, C., Sun, Q., Wang, J., Liang, Y., Zwiers, F. W., Zhang, X., and Li, T.: Constraining Projected Changes in Rare

410 Intense  Precipitation = Events  Across  Global Land  Regions,  Geophys Res  Lett, 51,
https://doi.org/10.1029/2023GL 105605, 2024.

Li, D., Lettenmaier, D. P., Margulis, S. A., and Andreadis, K.: The Role of Rain-on-Snow in Flooding Over the
Conterminous United States, Water Resour Res, 55, 8492—8513, https://doi.org/10.1029/2019WR 024950, 2019.
Luce, C. H., Lopez-Burgos, V., and Holden, Z.: Sensitivity of snowpack storage to precipitation and temperature using

415 spatial and temporal analog models, Water Resour Res, 50, 9447-9462, https://doi.org/10.1002/2013WR014844,
2014.

Marks, D., Kimball, J., Tingey, D., and Link, T.: The sensitivity of snowmelt processes to climate conditions and
forest cover during rain-on-snow: a case study of the 1996 Pacific Northwest flood, Hydrol Process, 12, 1569—-1587,
https://doi.org/10.1002/(SICT)1099-1085(199808/09)12:10/11<1569::AID-HYP682>3.0.CO;2-L, 1998.

420 McCabe, G. J., Clark, M. P, and Hay, L. E.: Rain-on-snow events in the western United States, Bull Am Meteorol
Soc, 88, 319-328, https://doi.org/10.1175/BAMS-88-3-319, 2007.

Mote, P. W., Hamlet, A. F., Clark, M. P., and Lettenmaier, D. P.: Declining mountain snowpack in Western North
America, Bull Am Meteorol Soc, 86, 39-50, 2005.
Mote, P. W., Li, S., Lettenmaier, D. P., Xiao, M., and Engel, R.: Dramatic declines in snowpack in the western US,

425 NPJ Clim Atmos Sci, 1, https://doi.org/10.1038/s41612-018-0012-1, 2018.

Muioz-Sabater, J., Dutra, E., Agusti-Panareda, A., Albergel, C., Arduini, G., Balsamo, G., Boussetta, S., Choulga,
M., Harrigan, S., Hersbach, H., Martens, B., Miralles, D. G., Piles, M., Rodriguez-Fernandez, N. J., Zsoter, E.,
Buontempo, C., and Thépaut, J. N.: ERAS-Land: A state-of-the-art global reanalysis dataset for land applications,
Earth Syst Sci Data, 13, 4349-4383, https://doi.org/10.5194/essd-13-4349-2021, 2021.

430 Musselman, K. N., Keitholotch, N. P., Mar, N., and Mgulis, S. A.: Snowmelt response to simulated warming across a
large elevation gradient, southern sierra Nevada, California, Cryosphere, 11, 2847-2866, https://doi.org/10.5194/tc-
11-2847-2017, 2017.

Musselman, K. N., Lehner, F., Ikeda, K., Clark, M. P., Prein, A. F., Liu, C., Barlage, M., and Rasmussen, R.: Projected
increases and shifts in rain-on-snow flood risk over western North America, https://doi.org/10.1038/s41558-018-

435 0236-4, 1 September 2018.

Musselman, K. N., Addor, N., Vano, J. A., and Molotch, N. P.: Winter melt trends portend widespread declines in
snow water resources, Nat Clim Chang, 11, 418—424, https://doi.org/10.1038/s41558-021-01014-9, 2021.

Ohba, M. and Kawase, H.: Rain-on-Snow events in Japan as projected by a large ensemble of regional climate
simulations, Clim Dyn, 55, 2785-2800, https://doi.org/10.1007/s00382-020-05419-8, 2020.

440 Pall, P, Tallaksen, L. M., and Stordal, F.: A Climatology of Rain-on-Snow Events for Norway, J Clim, 32, 6995—
7016, https://doi.org/10.1175/JCLI-D-18, 2019.

Pan, M., Sheffield, J., Wood, E. F., Mitchell, K. E., Houser, P. R., Schaake, J. C., Robock, A., Lohmann, D., Cosgrove,
B., Duan, Q., Luo, L., Higgins, R. W., Pinker, R. T., and Tarpley, J. D.: Snow process modeling in the North American
Land Data Assimilation System (NLDAS): 1. Evaluation of model simulated snow water equivalent, Journal of

445  Geophysical Research D: Atmospheres, 108, https://doi.org/10.1029/2003jd003994, 2003.



https://doi.org/10.5194/egusphere-2025-4971
Preprint. Discussion started: 2 December 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

Pederson, G. T., Gray, S. T., Woodhouse, C. A., Betancourt, J. L., Fagre, D. B., Littell, J. S., Watson, E., Luckman,
B. H., and Graumlich, L. J.: The Unusual Nature of Recent Snowpack Declines in the North American Cordillera,
Science (1979), 333, 332-335, https://doi.org/10.1126/science.1201570, 2011.

Rahmstorf, S. and Coumou, D.: Increase of extreme events in a warming world, Proc Natl Acad Sci U S A, 108,

450  17905-17909, https://doi.org/10.1073/pnas.1101766108, 2011.

Raleigh, M. S., Lundquist, J. D., and Clark, M. P.: Exploring the impact of forcing error characteristics on physically
based snow simulations within a global sensitivity analysis framework, Hydrol Earth Syst Sci, 19, 3153-3179,
https://doi.org/10.5194/hess-19-3153-2015, 2015.

Robinson, A., Lehmann, J., Barriopedro, D., Rahmstorf, S., and Coumou, D.: Increasing heat and rainfall extremes

455 now far outside the historical climate, NPJ Clim Atmos Sci, 4, https://doi.org/10.1038/s41612-021-00202-w, 2021.
Schmitt, J., Tseng, K. C., Hughes, M., and Johnson, N. C.: [lluminating Snow Droughts: The Future of Western United
States Snowpack in the SPEAR Large Ensemble, Journal of Geophysical Research: Atmospheres, 129,
https://doi.org/10.1029/2023JD039754, 2024.

Seneviratne, S. 1., Zhang, X., Adnan, M., Badi, W., Dereczynski, C., Luca, A. D., Ghosh, S., Iskandar, I., Kossin, J.,

460 Lewis, S., Otto, F., Pinto, 1., Satoh, M., Vicente-Serrano, S., Wehner, M., and Zhou, B.: Weather and Climate Extreme
Events in a Changing Climate, in: Weather and Climate Extreme Events in a Changing Climate. In Climate Change
2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, 2021., Cambridge University Press, 1513-1766,
https://doi.org/10.1017/9781009157896.013, 2021.

465 Serreze, M. C., Clark, M. P., Armstrong, R. L., McGinnis, D. A., and Pulwarty, R. S.: Characteristics of the western
United States snowpack from snowpack telemetry (SNOTEL) data, Water Resour Res, 35, 2145-2160,
https://doi.org/10.1029/1999WR900090, 1999.

Sui, J. and Koehler, G.: Rain-on-snow induced flood events in Southern Germany, J Hydrol (Amst), 252,
https://doi.org/10.1016/S0022-1694(01)00460-7, 2001.

470 de Vries, 1., Sippel, S., Zeder, J., Fischer, E., and Knutti, R.: Increasing extreme precipitation variability plays a key
role in future record-shattering event probability, Commun Earth Environ, 5, https://doi.org/10.1038/543247-024-
01622-1, 2024.

Wayand, N. E., Lundquist, J. D., and Clark, M. P.: Modeling the influence of hypsometry, vegetation, and storm
energy on snowmelt contributions to basins during rain-on-snow floods, Water Resour Res, 51, 8551-8569,

475  https://doi.org/10.1002/2014WR016576, 2015.

Wiirzer, S., Jonas, T., Wever, N., and Lehning, M.: Influence of initial snowpack properties on runoffformation during
rain-on-snow events, J] Hydrometeorol, 17, 1801—1815, https://doi.org/10.1175/JHM-D-15-0181.1, 2016.

Yan, H., Sun, N., Wigmosta, M., Skaggs, R., Hou, Z., and Leung, R.: Next-Generation Intensity-Duration-Frequency
Curves for Hydrologic Design in Snow-Dominated Environments, Water Resour Res, 54, 1093-1108,

480  https://doi.org/10.1002/2017WR021290, 2018.

Zanewich, K. P. and Rood, S. B.: Regional Differences in High Elevation Snowpack Decline Along the North
American Rocky Mountains, Hydrol Process, 39, https://doi.org/10.1002/hyp.70153, 2025.



https://doi.org/10.5194/egusphere-2025-4971
Preprint. Discussion started: 2 December 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

Zeng, X., Broxton, P., and Dawson, N.: Snowpack Change From 1982 to 2016 Over Conterminous United States,
Geophys Res Lett, 45, 12,940-12,947, https://doi.org/10.1029/2018GL079621, 2018.
485

18



https://doi.org/10.5194/egusphere-2025-4971
Preprint. Discussion started: 2 December 2025
(© Author(s) 2025. CC BY 4.0 License.

EGUsphere\

Appendix A

Table Al: List of required input variables for Alpine3D, the source of the variable, and the equation used to calculate values

from the source.

Alpine3D input variable Variable name(s) Variable Symbol(s) Source Equation
Timestamp Timestamp T ERAS-Land -
Air temperature 2m temperature ta ERAS5-Land -
Relative humidity 2m dewpoint temperature, 2m ta, ta ERAS-Land
temperature
Ground temperature Soil temperature level 1 ta ERAS-Land -
Wind direction 10 m u-component of wind, 10 u, v ERAS-Land  arctan? — 3
m v-component of wind
Wind speed 10 m u-component of wind, 10 u,v ERA5-Land  Vo?xu?
m v-component of wind
Total precipitation Total precipitation Piot ERAS-Land P, 1.5
Incoming short-wave radiation | Surface solar radiation down- SSRD ERAS-Land  SSRD #3600
wards
Incoming long-wave radiation | Surface thermal radiation STRD ERAS-Land  STRD %3600
downwards
Elevation Geopotential Geopotential ERAS Geopotential /9.80665
X-Location Latitude and Longitude Lat, Lon ERAS-Land WGS84 to UMTI2N trans-
form
Y-Location Longitude and Longitude Lat, Lon ERAS-Land WGS84 to UTMI2N trans-
form

Relative humidity equation constants are from Alduchov and Eskridge (1996), dewpoint and air temperatures are in degress Celsius. Radiation values from ERAS5-Land data are
w/m2

. Alpine3D uses total radiation over each timestep, thus we multiply the average radiation data by 3600 ;- . Location transforms were applied in QGIS.

given as average hour

495

19



https://doi.org/10.5194/egusphere-2025-4971
Preprint. Discussion started: 2 December 2025
(© Author(s) 2025. CC BY 4.0 License.

Max SWE modeled vs SNOTEL

® Noisy
4 Emery
oLl
200 ®
.
.-.‘
150
g o ue %
-
=
2 ‘é.—".'c &
@ $ . Pg 0
100 raet e
o '...
.A
) A
50 : f
‘#l
A
NE
0 50 100 150 200 250
Modeled
(a)

22041

SNOTEL

160 1

EGUsphere\

Max SWE date modeled vs SNOTEL

® Noisy Basin e
7 a4 Emery Creek
o ®
A J }"? .
- o
9“.. .
.l" [
LN
a ..*‘ a ®
A A
o A
Fig A
AL | A
& A
- A A
N &
A
140 160 180 200 220 240
Modeled
(b)

Figure A1 — Comparison of Alpine3D model output and SNOTEL maximum SWE (a) and day of maximum SWE (b)

500 for water years 1981-2023. Here we show the low elevation Emery Creek SNOTEL (orange triangles) and higher

elevation Noisy Basin SNOTEL (blue circles) compared to the model output grid point within 1 km of the SNOTEL

sites that are the closest to the SNOTEL elevations. ERAS-Land precipitation values were multiplied by 1.5 for input

to Alpine 3D to achieve this level of fit.
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Figure A2 — Modified bootstrap analysis showing a shift in the date of maximum SWE (a) with the distribution of

trends (b). Day of water year (a) is number of days since October 1. The Gaussian distribution for the data in (b) is

shown as a dashed orange line.
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