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Towards a model of glide-snow avalanche
occurrence using in-situ soil and snow
measurements

Amelie Fees, Alec van Herwijnen , Michael Lombardo and Jürg Schweizer

WSL Institute for Snow and Avalanche Research SLF, Davos, Switzerland

Abstract
Glide-snow avalanches release at the soil-snow interface and are currently difficult to predict.This
ismostly due to a limited understanding of the release process and a lack of data, particularly of the
snowpack and underlying soil conditions prior to release. Here, we synthesize the current process
understanding on the source of interfacial water—a key factor in glide-snow avalanche release—
in a simple explanatory model. The model classifies days with and without glide-snow avalanche
activity using thresholds applied to proxies including snow liquid water content (LWC), soil tem-
perature, soil LWC and meteorological parameters. These proxies were measured on Dorfberg
(Davos, Switzerland) in the 2021/22 to 2023/24 seasons. The best-performing thresholds for the
snow, soil and meteorological time series were determined through quasi-random sampling and
were in line with previous field studies. Soil temperature and snow LWC were the most relevant
variables to explain avalanche occurrence.These results demonstrate the importance of combining
snow, soil and meteorological data for improving the forecasting of glide-snow avalanche activity.

1. Introduction

Our ability to predict glide-snow avalanches is currently limited (Jones, 2004). Avalanche warn-
ing services frequently issue the general warning “glide-snow avalanches are possible” over
extended periods during the winter season. For instance, during the winter season 2023/24,
the avalanche warning service in Switzerland forecasted glide-snow avalanches in the region
of Davos for 82% of the days. Glide-snow avalanches were observed on 57% of these days
(Zweifel and others, 2025). This overforecasting poses a challenge for avalanche control ser-
vices in charge of road or ski resort safety due to a lack of reliable mitigation measures (Clarke
and McClung, 1999; Sharaf and others, 2008; Simenhois and Birkeland, 2010), which neces-
sitates costly closures (Humstad and others, 2018) or permanent protection measures. Thus,
reliable forecasting is critical, but currently not possible due to a lack of fundamental under-
standing of the underlying processes leading to glide-snow avalanche release. Additionally, this
lack of process understanding prohibits the assessment of how glide-snow avalanche activity
may respond to climate change, despite a common perception among practitioners that glide
activity is increasing under warming conditions. To the best of our knowledge, no systematic
studies have yet addressed this issue, in large part due to the absence of models capable of
predicting glide-snow avalanche release.

It is generally accepted that the loss of support at the soil–snow interface, which leads to
glide-snow avalanche release, is connected to the presence of interfacial water (Clarke and
McClung, 1999). Based on the source of interfacial water, glide-snow avalanches can be classi-
fied into interface and surface events (Fees and others, 2025c). In interface events, the interfacial
water originates from the soil-snow interface due to processes such as geothermal melting
(McClung, 1987; Newesely and others, 2000; Höller, 2001) or capillary suction of water from
the soil into the snowpack (Mitterer and Schweizer, 2012; Lombardo and others, 2025). As
interface events are associated with a dry snowpack with temperatures below zero degrees,
they are also commonly referred to as “cold” events (Clarke and McClung, 1999). The driv-
ing processes can be observed through proxies such as (i) a high soil temperature (Ceaglio and
others, 2017; Fromm and others, 2018) which favors melting of the lowermost snowpack or
(ii) high soil liquid water content (LWC) which is required for capillary suction (Lombardo
and others, 2025). Studies have also found that snow loading is related to the release of inter-
face events (in der Gand and Zupančič, 1966; Höller, 2014; Dreier and others, 2016; Fees and
others, 2025a).

For surface events, the water originates from the snow surface and percolates through the
(locally) isothermal snowpack to the snow-soil interface. As the snowpack is usually isother-
mal, these events are also commonly referred to as “warm” events (Clarke andMcClung, 1999).
These events are typically associated with (i) positive air temperatures (Dreier and others, 2016;
Ceaglio and others, 2017) and high incoming long-wave radiation (Dreier and others, 2016),
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which facilitate snow melt, (ii) high soil LWC (Fees and others,
2025a), which indicates the percolation ofmeltwater from the snow
into the soil, or (iii) rainfall onto the snow cover hours to days
before avalanche release (Stimberis and Rubin, 2011). Field obser-
vations have also indicated that a higher snow liquid water con-
tent is associated with surface events rather than interface events
(Maggioni and others, 2019; Fees and others, 2025a).

Several field studies have highlighted the correlation of snow
LWC, soil LWC and soil temperature with glide-snow avalanche
release (Höller, 2001; Maggioni and others, 2019; Fees and oth-
ers, 2025a). However, these studies of combined temperature and
LWC data for both the soil and snow are scarce. This is likely
because measuring snow LWC requires manual snow profiles and
is time-consuming. As a result, previous studies focused on mete-
orological parameters to predict days with glide-snow avalanches
using multivariate statistical methods (e.g., logistic or multiple lin-
ear regression, random forest) (Dreier and others, 2016; Resch
and others, 2023). Dreier and others (2016) showed promising
results towards forecasting “warm” events using the correlation
of air temperature and incoming long-wave radiation with rain
and snowpack meltwater formation. However, forecasting “cold”
(interface) events remained a challenge, due to a lack of relevant
information (modeled or measured) from the processes at the
snow-soil interface (Dreier and others, 2016).

This study aims to explore the potential of combining extensive
soil, snow andmeteorological data with our current process under-
standing of glide-snow avalanches into a simple explanatorymodel
of glide-snow avalanche occurrence.Themodel classifies days with
and without glide-snow avalanches using thresholds applied to
proxies of interfacial water formation, such as snow and soil LWC.
These proxies have been observed in recent field studies (Ceaglio
and others, 2017; Fromm and others, 2018; Maggioni and others,
2019; Fees and others, 2025a). We optimized the thresholds using
the extensive dataset of snow and soil measurements on Dorfberg
for the seasons 2021/22 to 2023/24. Our goal was to demonstrate
the promising potential of combining a process-based model with
data measured at the soil-snow interface towards the prediction of
glide-snow avalanche occurrences.

2. Methods

2.1. Input data: Dorfberg field site

The model was based on daily values of eight time series describ-
ing snow, soil and weather conditions. The input data originated
fromDorfberg, the mostly southeast-facing hillslope of the Salezer
Horn (1650 to 2100 m a.s.l., Davos, Switzerland, Fig. 1). This field
site combines well-recorded historical glide-snow avalanche activ-
ity through time-lapse photography (seasons 2008/09 to 2023/24,
Fees and others (2025c)) and recent soil and snowmonitoring in an
avalanche-prone slope (seasons 2021/22 to 2023/24; Fees and oth-
ers (2025a)). Hence, for seasons 2021/22 to 2023/24, we collected
a comprehensive dataset of glide-snow avalanche activity as well
as soil, snow and meteorological measurements. A winter season
was defined as 1 November through 1 May. For season 2021/22,
the start of the season was defined as 23 November 2021 because
this was the first day with soil measurements.

2.1.1. Glide-snow avalanche activity
Glide-snow avalanche activity on Dorfberg was extracted from
time-lapse photographs recorded at a time interval of 5 min-
utes (Fees and others, 2025c). Avalanche activity was classified

as days with at least one glide-snow avalanche release (avalanche
day, n= 45) and days without a glide-snow avalanche release
(non-avalanche day, n= 479). The glide-snow avalanche activity
in the three winter seasons 2021/22 to 2023/24 varied substan-
tially. Season 2021/22 was characterized by an average number of
glide-snow avalanche days (n= 7), which occurred in two distinct
clusters in early winter and spring. Season 2022/23 was charac-
terized by a lack of glide-snow avalanche activity, with only one
observed glide-snow avalanche and one glide-snow avalanche day
(n= 1). Season 2023/24 was characterized by an above-average
number of glide-snow avalanche days (n= 37). The three winter
seasons were described in detail by Fees and others (2025a).

2.1.2. Soil measurements
Soil liquid water content (LWCsoil) and temperature (Tsoil)
were monitored in a slope with many documented glide-snow
avalanches onDorfberg called the Seewer Berg (1765–1818ma.s.l.,
Fig. 1). This was done using a grid of 20 sensors across the slope
(TEROS11, Meter Group (2025)). Every sensor was installed at a
soil depth of 5 cm such that the full sensormeasurement volume of
1010 cm3 (Meter Group, 2025) was covered by soil. Measurements
were recorded every 15 minutes. For this study, we calculated
the mean of Tsoil and LWCsoil across all sensors. This removed
location-specific temporal variations that can be introduced by
local soil inhomogeneities. For details on the sensor installation
and setup, see Fees and others (2025a). The model uses the daily
mean values for soil temperature (Tsoil) and soil LWC (LWCsoil) as
inputs (Table 1).

2.1.3. Snow measurements
Manual (bi)weekly snow profiles (Fierz and others, 2009) were
recorded to determine the interfacial snow liquid water content
in a reference location. The reference location refers to a small
slope 100 m northwest of the Seewer Berg slope (Fig. 1). From
the manual snow profile, we derived the interfacial snow liquid
water content (LWCsnow) of the lowermost 20 cm of the snow-
pack. The LWCsnow was measured at height increments of 5 to
10 cm by recording snow density, relative permittivity and snow
temperature. The relative permittivity was recorded with a capaci-
tative sensor (Denoth, 1994) and snow density was determined as
the mean of two density measurements per height using a den-
sity cutter (100 cm3). LWCsnow was then calculated as the mean
across all snow LWC measurements where the snow temperature
was above −0.1∘C. The model uses daily LWCsnow values which
were interpolated with nearest neighbor interpolation (Table 1).

2.1.4. Meteorological measurements and SNOWPACK
simulation
Meteorological parameters were recorded at three automated
weather stations (AWS) ranging in elevation from Davos to
Weissfluhjoch (1563–2536 m a.s.l.). The two IMIS stations
Weissfluhjoch (id: WFJ2, 2536 m a.s.l.) and Madrisa (id: KLO2,
2147 m a.s.l.) were used to interpolate the meteorological param-
eters to the reference location (1840 m a.s.l.). The interpolation
of the meteorological parameters was validated against the AWS
Dorfberg (2140 m a.s.l., Fig. 1). The interpolated meteorological
parameters were used for the SNOWPACK (Bartelt and Lehning,
2002) simulations using the bucket approach for water transport.
The SNOWPACK simulations were validated against the manual
snow profiles that were recorded at the reference site throughout
season 2021/22. For details on the setup, limitations and validation
of the SNOWPACK simulation, see Fees and others (2025c). Of
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Figure 1. (a) Map and (b) picture of Dorfberg indicating the location of the weather station (AWS), the reference location (R), the Seewer Berg slope with the spatio-temporal
monitoring setup (square) and the direction towards the Weissfluhjoch measurement site (WFJ). Map: Federal Office of Topography, WGS84.

Table 1. Overview of the input parameters, their source, data aggregation/interpolation and the corresponding model thresholds

Time interval Data interpolation (I)/
Parameter Unit Source Location raw data aggregation (A) Thresholds

Bulk snow density (𝜌) kg m−3 SNOWPACK Reference 10 min (A): daily mean t𝜌
Snow LWC (LWCsnow) % Manual profile Reference 5 to 9 days (I): next neighbor tLWC interface, tLWC surface
Snow height (HS) cm SNOWPACK Reference 10 min (A): daily mean tHS
3 day sum of cm SNOWPACK Reference 10 min (A): daily mean tHN3d
new snow height (HN3d)
Temperature soil (Tsoil) ∘C 20 sensors Seewer Berg 15 min (A): daily mean across sensors tTsoil
Soil LWC (LWCsoil) m3m−3 20 sensors Seewer Berg 15 min (A): daily mean across sensors tLWCsoil
Rain (P) mm SNOWPACK Reference 10 min (A): daily mean tP, tduration
Air temperature (Tair) ∘C SNOWPACK Reference 10 min (A): daily mean tTair

note, SNOWPACK was only used to distinguish between interface
and surface events; accordingly, we did not include a soil layer
in the simulations, and simulated LWC values at the snow–soil
interface are therefore not representative of real conditions. The
simulationwas run at a time interval of 10minutes, and valueswere
aggregated to daily mean values.The classificationmodel for glide-
snow avalanche occurrence uses five daily time series as inputs
which consist of: air temperature (Tair), snow height (HS), 3 day
sum of new snow height (HN3d), bulk snow density (ρ), and rain
amounts (P) (Table 1).

2.2. Model setup

Given the relatively small sample size of observed glide-snow
avalanches in our dataset, we adopted a threshold-based classifica-
tionmodel grounded in current process understanding, sincemore
data-intensive machine learning approaches (e.g. logistic regres-
sion, random forests, neural networks) were not appropriate. The
classification model provides a binary classification into days with
and without glide-snow avalanches. The classification is based on
daily values of eight time series, which were selected based on
the current process understanding of the formation of water at
the soil-snow interface (Fees and others, 2025a). These time series
include bulk snow density (ρ), snow height (HS), 3 day sum of
new snow height (HN3d), air temperature (Tair) and the amount
of rain (P) as simulated using SNOWPACK, snow LWC (LWCsnow)
measured in the manual snow profile and soil LWC (LWCsoil), soil
temperature (Tsoil) from the sensor grid (Table 1, Subsection 2.1).
Ten thresholds (t, Table 1) were applied to evaluate interfacial
water availability and additional critical conditions (Fig. 2). The
evaluation was separated into the three major processes that we
assumed contributed water to the soil-snow interface: geothermal
heat, snow surface melt and rain. For every process, there are up

to three boolean evaluations based on the thresholds (t), which are
defined below. The model returns an avalanche day (boolean) if
at least one process classified the day as a glide-snow avalanche
day. In addition, the avalanche day is labeled based on the under-
lying process into interface, surface, or mixed event. The interface
event label is applied if geothermal heat was the only contribut-
ing process. The surface event label is applied if melt and/or rain
were the contributing processes. The mixed event label is applied
if geothermal heat and either melt and/or rain were contributing
processes.

In detail, the evaluation by process was implemented as follows:
(i) Geothermal heat: The availability of sufficient interfa-

cial water was determined based on the snowpack bulk density
(𝜌 < t𝜌) and interfacial snow LWC (LWCsnow > tLWC interface).
Potentially critical conditions were implemented as a threshold on
high soil temperature (Tsoil > tsoil) and one threshold on snow
loading (HN3d> tHN3d). If more than one threshold was reached,
the day was classified as an avalanche day.

(ii) Snow surface melt:The availability of interfacial water was
determined by a high bulk density (𝜌 > t𝜌) and a sufficient amount
of interfacial snow LWC (LWCsnow > tLWC surface). Potentially criti-
cal conditions were implemented as a threshold on high soil LWC
(LWCsoil > tLWCsoil) and a threshold on high air temperatures
(Tair > tTair). If more than one threshold was reached, the day was
classified as an avalanche day.

(ii) Rain:Rain as a source of interfacial water was accounted for
with two thresholds, which account for the amount of rain neces-
sary for release and the delayed release of glide-snow avalanches up
to several days after the rainfall.The first threshold sets the amount
of rain necessary for rain events to occur (P> tp). If this threshold
was fulfilled, the second threshold (tduration) was used to indicate for
howmany consecutive days after the rainfall days were classified as
an avalanche day.
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Figure 2. An overview of the model that classifies the daily parameter vector through thresholds (t) into avalanche days and non-avalanche days. The thresholds are based
on the processes of geothermal melting, snow surface melt water formation and rain, which can contribute water at the soil-snow interface. In addition, an avalanche day is
labeled based on the process(es) that resulted in the avalanche day classification. For an interface event (blue) this is due to geothermal heat, for a surface event (orange),
this is due to melt or rain, and for a mixed event, it is due to geothermal heat and either melt or rain. Abbreviations are given in Table 1.

2.3. Threshold optimization

The binary classification of glide-snow avalanche occurrence
depends on the choice of the threshold values and their com-
bination (Table 1). We refer to the combination of all required
thresholds as a threshold vector. Threshold vectors were gener-
ated through quasi-random sampling. The best threshold vector
was determined based on the probability of detection (POD)
and the false alarm rate (F), which are used in a ROC diagram
(Wilks, 2011). These metrics are defined based on the number of
avalanche days that were correctly classified by the model (true
positive, TP), the number of non avalanche days that were cor-
rectly classified (true negative, TN), the number of avalanche
days that were incorrectly classified (false positive, FP) and the
number of non-avalanche days that were incorrectly classified
(false negative, FN). The probability of detection (or hit rate) was
calculated as

POD = TP
TP + FN , (1)

and the false alarm rate was calculated as

F = FP
FP + TN , (2)

(Wilks, 2011).
A perfect model would result in a POD= 1 and F= 0.

To find the best-performing threshold vector, 220 threshold
vectors were generated quasi-randomly using Sobol’s sequence
(Sobol (1967), scipy implementation). Sobol’s sequence, origi-
nally developed for variance decomposition in sensitivity analysis,
ensures a more uniform coverage of the parameter space than
purely random sampling, and thus improves the efficiency of the
search for optimal threshold vectors. This results in threshold vec-
tors consisting of 10 threshold values (Table 1) which are equally
distributed over a 10-dimensional hypercube.The threshold values
were sampled from the provided ranges in Table 2. Every threshold
vector was evaluated based on the (minimum) Euclidean distance
to the perfect model using the data of all seasons (2021/22 to
2023/24).

To investigate the relative influence of the various input param-
eters (snow, soil and meteorological data), we determined the best
threshold vector while omitting one of the input parameters and
repeated this leave-one-out procedure for each input parameter.
The best threshold was repeatedly determined from the same 215
quasi-randomly sampled threshold vectors. These threshold vec-
tors also included the overall best threshold vector using all input
parameters.
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Table 2. Overview of threshold optimization. All parameters are daily mean values

Threshold Unit Range Best threshold Literature values

t𝜌 kg m−3 [200, 350] 297
tLWC interface % [0, 6] 3 ∼3–5 (Fees and others, 2025a)
tLWC surface % [6, 11] 6 ∼7 (Fees and others, 2025a)
tHS cm 20 20
tHN3d cm [10, 60] 29 80 (5-day sum; Dreier and others (2016))

12 (not significant; Ceaglio and others (2017))
tTsoil ∘C [0, 5] 1.6 2–3 (Fees and others, 2025a)

0.5 (not significant; Ceaglio and others (2017))
tLWCsoil m3m−3 [0.350, 0.370] 0.369 0.368 (mean of all surface events in Fees and others (2025a))
tP mm [0, 1] 0.3
tduration d [0,4] 2 hours to days (Stimberis and Rubin, 2011; Fees and others, 2025a)
tTair ∘C [-1, 5] 1.9 1.6 (Dreier and others, 2016)

1.5 (Ceaglio and others, 2017)

3. Results

3.1. Model performance and best threshold

The model performance (POD, F) was highly dependent on the
threshold vector (Fig. 3). The best threshold vector resulted in a
POD of 0.91 and F of 0.21 (orange diamond in Fig. 3; Fig. 4d) and
consisted of threshold values comparable to the literature and in
line with the underlying processes (Table 2). The model perfor-
mance separated by season showed that the best threshold vector
performed well for season 2021/22 (POD= 1, F= 0.23, Fig. 4a)
and season 2023/24 (POD= 0.92, F= 0.32, Fig. 4c). In season
2022/23, the threshold vector was not able to correctly predict the
single avalanche that released on Dorfberg (Fig. 4b).

3.2. Process-based interpretability

The model was designed to provide a classification into days with
and without glide-snow avalanches and apply a label based on the
process (geothermal heat, melt and rain) that likely contributed
the interfacial water. This model design allowed for interpretation
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Figure 3. Threshold optimization for the best performance shown as ROC diagram.
The model performance of all sampled threshold combinations is indicated as a
heatmap, and the best threshold combination as an orange diamond. For context, we
also provide the model performance of a perfect model (x), a random model (dashed
1:1-line), the model results reported by Dreier and others (2016) for “cold” (▶) and
“warm” (◀) events, and the performance of the operational glide-snow avalanche
forecast for the region of Davos as issued in the avalanche bulletin (pink square, sea-
son 2023/24).

of the model classification by using the labels (interface, surface,
mixed) assigned to every avalanche day as well as access to all
threshold evaluations (Fig. 5).

For example, season 2023/24 was characterized by persistent
glide-snow avalanche activity on Dorfberg (Fig. 5a). The first win-
dow of glide-snow avalanche activity (25 Nov to 16 Dec 2023)
was correctly identified by the model and labeled as interface
events (Fig. 5a). This was due to sufficient snow LWC (Fig. 5b1,b2)
combined with high soil temperature (Fig. 5b3) and repeated snow
loading (Fig. 5b4).

The shift from interface events to surface events was predicted
by the model on 17 December 2023 based on the increased bulk
snow density (𝜌 > 297 kgm−3). Avalanche days were classified
due to a sufficiently high measured snow LWC (LWCsnow > 6%)
in combination with high air temperatures (Tair > 1.9∘C) (Fig.
5c1,c2,c3).

The continuous glide-snow avalanche activity during season
2023/24 was interrupted from 27 December 2023 to 24 January
2024 when only one glide-snow avalanche released on Dorfberg
(Fig. 5a).Themodel did not classify any glide-snow avalanche days
during this time period because either the snow LWC was not suf-
ficiently high for a surface event (Fig. 5b2) or no additional critical
conditions for surface melt, such as high air temperature or soil
LWC (Fig. 5c3, c4), were fulfilled.

A rain event occurred on 24 January 2024 (Fig. 5d,d1) which
was captured by the model due to the amount of precipitation (Fig.
5d, d1). Due to the time threshold (tduration = 2 days) both days, 24
and 25 January, were classified as surface events. High glide-snow
avalanche activity was observed on Dorfberg on 25 January (Fig.
5a).

Intermittent glide-snow avalanche days occurred from 3 to 18
February 2024 (Fig. 5a). This was well captured by the model due
to high air temperatures (Fig. 5c3) coinciding with sufficient snow
LWC (Fig. 5c2). Beginning on 3 February 2024, most glide-snow
avalanche days were labeled as surface events. However, a few days
were labeled as interface events (e.g. 25 Feb, 19 and 20 Mar 2024)
due to the increasing soil temperatures measured in the Seewer
Berg slope, as it was intermittently covered by snow due to recent
avalanche releases on the slope in combination with snowmelt. As
a result, the interface labels during this time period may not cor-
rectly reflect the processes leading to glide-snow avalanche release
at higher elevations.

Overall, the model was able to correctly classify a large num-
ber of glide-snow avalanche days throughout season 2023/24.
But more importantly, for a season with persistent glide-snow
avalanche activity, the model was also able to capture the (short)
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Figure 4. Confusion matrices based on the best threshold vector for every season (a–c) and all seasons combined (d).

time periods without glide-snow avalanche activity reasonably
well. For season 2021/22 and season 2022/23 the model classifi-
cation is given in the Appendix (Fig. A1, A2).

3.3. Relative dependence of model performance on input
parameters

The relative effects of the input parameters on model performance
were assessed by removing one parameter at a time and then
optimizing the threshold vector again. The omission of LWCsoil
and P had little effect onmodel performance (Fig. 6).The omission
of Tair, Tsoil, ρ, or LWCsnow resulted in a more prominent decrease
in model performance (Fig. 6). The best threshold vectors after the
omission of one input time series at a time are provided in the
Appendix (Table A1).

4. Discussion

The aim of this study was to show that extensive soil, snow and
meteorological monitoring, in combination with process under-
standing, can improve the classification of glide-snow avalanche
occurrence in avalanche days and non-avalanche days. We syn-
thesized the current process understanding on the formation of
interfacial water and relevant proxies for interface and surface
events in a binary classification model. The model thresholds
were optimized for best performance based on data from three
winter seasons.These seasons cover below-average (2022/23), aver-
age (2021/22), and above-average (2023/24) glide-snow avalanche
activity on Dorfberg. While the model performed well for seasons
with average and above-average glide-snow avalanche activity (Fig.
4a,c), it was not able to reproduce the single avalanche day in sea-
son 2022/23 (Fig. 4b). This misclassification is not surprising since
this avalanche released at a location that is known for persistent
soil wetness due to an underground water source. The model does
not take groundwater and hydraulic processes, such as capillary
suction, into account as a source of interfacial water.

4.1. Model validation

Given the limited data, we could not thoroughly validate the
model, and the stated performance values are indicative at best.
Nevertheless, as the avalanche activity during these three seasons
varied, our results qualitatively show that the model performs rea-
sonably well under many different conditions. More data from
additional winters are needed to evaluate model robustness. With

a non-crossvalidated POD= 0.91 and F = 0.21, the performance is
comparable to that of the statistical model presented by Dreier and
others (2016), who classified glide-snow avalanche activity based
on meteorological parameters at Dorfberg. The comparison with
the operational glide-snow avalanche forecast for the region of
Davos (season 2023/24) further suggests the potential of reducing
the false alarm rate using combined soil, snow and meteorological
measurements. However, confirming this will require a thorough
investigation into scale effects and the representativeness of point
measurements for larger forecast regions.

A strength of the model lies in the interpretability of the output.
While data-based cross-validation is currently limited by scarce
data, process-based validation using the labels assigned to glide-
snow avalanche days was in line with our process understanding
of the formation of interfacial water. The best-performing thresh-
old vector was determined based on quasi-random sampling, and
its components were in line with previous field observations on
glide-snow avalanches. For example, the snow LWC threshold for
interface events (3%)was lower than for surface events (6%), in line
with recent studies (Maggioni and others, 2019; Fees and others,
2025a). For soil temperature, the best threshold was 1.6∘C, com-
parable to literature values ranging from 0.5∘C to 3∘C (Ceaglio
and others, 2017; Fees and others, 2025a). In addition, the thresh-
old for air temperature, used as a proxy for surface melt, was
1.9∘C even though the sampling interval also allowed for negative
air temperatures. Positive air temperatures correspond with our
expectation as a proxy for surface melt. The comparability of
the sampled best threshold to field observations on glide-snow
avalanches indicates that the chosen input variables for the model
are promising proxies for the formation of interfacial water.

4.2. Input parameters

The time series used as inputs for the model originated from a
unique and extensive dataset covering snow, soil and meteorolog-
ical parameters on Dorfberg (Fees and others, 2025a).

Measurements of soil temperature and snow LWC contributed
substantially to the overallmodel performance (Fig. 6).The relative
importance of snow LWCmay be due to the model setup, where it
is needed as an input for both interface and surface events. Soil
temperature only influenced the classification of days with inter-
face events which on average account for a minority of glide-snow
avalanche days (30%; (Fees and others, 2025c)). This indicates that
Tsoil has a substantial influence on the classification of interface
events and is an important parameter to measure.
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Figure 5. Model evaluation throughout season 2023/24. (a) Modeled glide-snow avalanche days (background color) in comparison to observed glide-snow avalanche activity
on Dorfberg (black diamonds). This classification is based on three evaluations (b, c, d) which are based on thresholds on ten measured or simulated time-series (a1, b1-4,
c1-4, d1). (a1) Snow height (HS) is a necessary requirement for glide-snow avalanches. In the time-series, a darker shade indicates that the condition (here: HS > tHS) was
met, while a lighter shade indicates that the condition was not met. (b) Evaluates the possibility of glide-snow avalanches based on geothermal heat. The background color
visualizes the contributing thresholds consisting of (b1) bulk snow density in combination with (b2) snow LWC, (b3) soil temperature and (b4) 3 day sum of new snow height.
(c) Evaluates the possibility of glide-snow avalanches due to melt based on its corresponding thresholds consisting of (c1) bulk snow density in combination with (c2) snow
LWC, (c3) air temperature and (c4) soil LWC. (d) Evaluates the possibility of glide-snow avalanches due to rain (d1).

For the soil temperature and LWC measurements, we found
that averaging data from at least five sensors with distances of
several meters was essential to obtain robust time series that

reflected overall trends, without being influenced by local inhomo-
geneities.These inhomogeneities could arise from variations in soil
properties or areas with preferential melt. While soil temperature

Downloaded from https://www.cambridge.org/core. 16 Nov 2025 at 11:36:24, subject to the Cambridge Core terms of use.

https://www.cambridge.org/core


8 Amelie Fees et al.

0.0 0.2 0.4 0.6 0.8 1.0
FaFF lse alarm rate

0.0

0.2

0.4

0.6

0.8

1.0
Pr
ob
ab
ili
ty
of
de
te
ct
io
n

Ra
nd
om
m
od
el

Perfect model
LWCLL soil

P
None
HN3d

Tair
Tsoil

LWCLL snow

Figure 6. Performance of model with omission of input parameters. The omitted
parameters (legend) were sorted in ascending Euclidean distance to the perfect
model. The performances for the omission of 𝜌 and LWCsnow were equal.

and LWC can be measured with a sensor at high time resolu-
tion and at reasonable cost, collecting data on the interfacial snow
LWC is much more laborious. This currently limits the time reso-
lution for snow LWC measurements to 5–9 days, which is a main
limitation of the input data.

Measurements of soil LWC and rain did not contribute substan-
tially to overall model performance (Fig. 6). However, they were
essential input parameters to capture high glide-snow avalanche
activity days such as the rain-on-snow event on 25 January 2024
(Fig. 5a). As the daily glide-snow avalanche activity did not influ-
ence the performance metric (POD, F) through the binary classifi-
cation in avalanche and non-avalanche days, this likely underrep-
resented the importance of these input parameters.

The input data for the model were measured in proximity to
the reference location, or interpolated to the reference location,
and subsequently used to classify avalanche occurrence on all of
Dorfberg. While this approach worked well overall, there are some
limitations in the labeling of the glide-snow avalanche days. For
example, some days (e.g. 19, 20March 2024; Fig. 5a) were labeled as
interface events because soil temperatures were high. This is likely
not representative, as the Seewer Berg slopewas only intermittently
covered in snow, which caused an increase in soil temperature due
to solar radiation. However, the glide-snow avalanches released on
the fully snow-covered higher elevation slopes. This indicates that
these glide-snow avalanches were likely surface events.

Overall, glide-snow avalanche occurrence on Dorfberg was
classified based on simulations and measurements at one location.
However, for regional forecasting, data from various aspects and
elevations would be needed. Whenever possible, input parameters
were based on SNOWPACK simulations, which are easily scalable
for regional forecasting. Currently, however, the main challenge
towards regional forecasting is obtaining high spatial and temporal
information on the snow LWC.The (bi-)weekly manual snow pro-
files, which included interfacial snow LWC measurements at the
reference location, provided valuable data to classify the avalanche
activity on all of Dorfberg. In the future, the spatial and temporal
resolution of snow LWCdata could be improved through validated

simulations of water transport across the snow-soil systems.These
simulations could be initiated wth local soil temperature and LWC
measurements.

4.3. Limitations in model generalization

Thenon-crossvalidatedmodel performance suggests that the com-
bination of soil, snow and meteorological measurements provides
valuable information to predict glide-snow avalanche occurrence.
However, this approach risks overfitting the data and currently
limits the generalization of the model. Regarding the generaliza-
tion, we expect that the best threshold vector depends on whether
the input time series originate from measurements or simula-
tions. Consequently, the best threshold vector cannot easily be
generalized to other locations or datasets. In the future, more mea-
surements from Dorfberg and other sites will allow for more data-
driven methods, such as logistical regression or random forests,
including training/testing splits and cross-validation. These meth-
ods could help to refine the thresholds into probabilities or provide
the possibility of new model approaches. However, the results
demonstrate that combining soil, snow and meteorological mea-
surements with process-based understanding offers a promising
foundation for future model development.

5. Conclusions and outlook

We developed an explanatory modeling approach combining
soil, snow and meteorological measurements with process-based
understanding towards improving glide-snow avalanche forecast-
ing. The model provides a classification of glide-snow avalanche
occurrence into days with and without avalanches using data from
3 seasons covering above-average, below-average, and average
avalanche activity onDorfberg (Davos, Switzerland). For classifica-
tion, the model considers ten thresholds for eight variables closely
linked to the three process drivers: geothermal heat, melt and
rain. The best-performing threshold values were in line with field
observations and previous studies. This indicates that the selected
proxies may well capture the processes associated with the for-
mation of interfacial water. These results show that measurements
such as soil temperature, soil LWC and snow LWC contribute
to improved glide-snow avalanche forecasting. For regional fore-
casting, additional measurements across elevations and aspects
are needed, along with more high-resolution snow LWC data. As
more data become available through continued measurements or
improved snowpack simulations, data-driven methods (e.g. logis-
tic regression, random forest) could refine the model and enhance
forecasting accuracy. Overall, this study demonstrates that com-
bining process understandingwith soil and snowmonitoring offers
a solid foundation for advancing glide-snow avalanche predic-
tion and provides the first process-based model for glide-snow
avalanche activity which could be applied with climate change
scenarios to assess their future behavior.
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Envidat (Fees and others, 2025b).
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Appendix A. Model performance for season 2021/22 and
2022/23
For season 2021/22, the model with the best threshold vector (Table 2) was
able to predict the two clusters of glide-snow avalanche activity (11 to 16 Dec
2021 and 16 to 19 Mar 2022, Fig. A1). In season 2022/23, only one glide-
snow avalanche released onDorfberg, whichwas not predicted by the threshold
model (17 Apr 2023, Fig. A2). However, this glide-snow avalanche released in
a location which is known for its ground-water source and water at the soil
surface.Themodel does not take into account groundwater as a source for inter-
facial water. This could explain why it was not able to predict the avalanche.
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Figure A1. Model evaluation throughout season 2021/22. (a) Modeled glide-snow avalanche days (background color) in comparison to observed glide-snow avalanche activity
on Dorfberg (black diamonds). This classification is based on three evaluations (b, c, d) which are based on thresholds on ten measured or simulated time-series (a1, b1-4,
c1-4, d1). (a1) Snow height (HS) is a necessary requirement for glide-snow avalanches. In the time-series, a darker shade indicates that the condition (here: HS > tHS) was
met, while a lighter shade indicates that the condition was not met. (b) Evaluates the possibility of glide-snow avalanches based on geothermal heat. The background color
visualizes the contributing thresholds consisting of (b1) bulk snow density in combination with (b2) snow LWC, (b3) soil temperature and (b4) 3 day sum of new snow height.
(c) Evaluates the possibility of glide-snow avalanches due to melt based on its corresponding thresholds consisting of (c1) bulk snow density in combination with (c2) snow
LWC, (c3) air temperature and (c4) soil LWC. (d) Evaluates the possibility of glide-snow avalanches due to rain (d1).
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Figure A2. Model evaluation throughout season 2022/23. a) Modeled glide-snow avalanche days (background color) in comparison to observed glide-snow avalanche activity
on Dorfberg (black diamonds). This classification is based on three evaluations (b, c, d) which are based on thresholds on ten measured or simulated time-series (a1, b1-4,
c1-4, d1). (a1) Snow height (HS) is a necessary requirement for glide-snow avalanches. In the time-series, a darker shade indicates that the condition (here: HS > tHS) was
met, while a lighter shade indicates that the condition was not met. (b) Evaluates the possibility of glide-snow avalanches based on geothermal heat. The background color
visualizes the contributing thresholds consisting of (b1) bulk snow density in combination with (b2) snow LWC, (b3) soil temperature and (b4) 3 day sum of new snow height.
(c) Evaluates the possibility of glide-snow avalanches due to melt based on its corresponding thresholds consisting of (c1) bulk snow density in combination with (c2) snow
LWC, (c3) air temperature and (c4) soil LWC. (d) Evaluates the possibility of glide-snow avalanches due to rain (d1).
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A.1. Best thresholds

To determine the relative importance of the soil, snow andmeteorological input
time series, one time series was omitted at a time.The best-threshold vector was
recalculated and is listed in Table A1.

Table A1. The best threshold vector and its performance (POD, F) which was determined with one omitted time series at a time

Omitted Best threshold vector Performance

variable tLWC interface tLWC surface tTsoil tHN3d tTair tLWCsoil t𝜌 tduration tP tHS POD F

Tsoil 3 6 NaN 29 2.0 0.369 287 4 0.9 20 0.82 0.23
LWCsoil 0 6 0.0 10 −1.0 NaN 200 0 0 20 0.87 0.16
P 3 6 0.1 29 2.0 0.369 287 NaN NaN 20 0.89 0.19
HN3d 2 7 1.9 NaN 4.5 0.352 343 4 1.0 20 0.89 0.21
Tair 3 8 1.3 28 NaN 0.352 283 3 0.6 20 0.82 0.21
𝜌 1 6 1.4 17 0.4 0.352 NaN 3 0.9 20 0.82 0.30
LWCsnow NaN NaN 1.4 17 0.4 0.352 222 3 0.9 20 0.82 0.30
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