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Abstract.

Glide-snow avalanches release at the ground-snow interface due to a loss in basal friction. They pose a threat to infrastruc-
ture because of the combination of unreliable mitigation measures, limited forecasting capabilities, and a lack of understanding
of the release process. The aim of this study was to investigate the influence of spatial variability in basal friction and snow-
pack properties on the avalanche release area distribution and the release location. We developed a pseudo-3D, mechanical,
threshold-based model that consists of many interacting snow columns on a uniform slope. Parameterizations in the model
are based on our current understanding of glide-snow avalanche release. The model can reproduce the power law glide-snow
avalanche release area distribution as observed on Dorfberg (Davos, Switzerland). A sensitivity analysis of the input param-
eters showed that the avalanche release area distribution was mostly influenced by the homogeneity (correlation length and
variance) of the basal friction and whether the basal friction was reduced suddenly or in small increments. Larger release areas
were modeled for a sudden decrease and a more homogeneous basal friction. The spatial variability of the snowpack param-
eters had little influence on the release area distribution. Extending the model to a real-world slope showed that the modeled
location of avalanche releases qualitatively matched the observed locations. The model can help narrow down the length- and
time-scales for field investigations. Simultaneously, it can grow in complexity with our increasing knowledge on glide-snow
avalanche release processes. Input parameters such as the basal friction or snowpack parameters could potentially all be con-
nected to the liquid water content. This would allow for the use of meteorological measurements to drive the model. The model
has the potential to help identify potentially dangerous conditions for large or numerous avalanches which would help improve

glide-snow avalanche forecasting.
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1 Introduction

Glide-snow avalanches fail at the ground-snow interface, which can result in the release of large snow volumes that endanger
infrastructure in mountain regions (Clarke and McClung, 1999; Mitterer and Schweizer, 2012; Peitzsch et al., 2015). These
avalanches pose a threat that is difficult to mitigate due to limited forecasting capabilities (Simenhois and Birkeland, 2010;
Jones, 2004) and unreliable mitigation measures (Sharaf et al., 2008; Jones, 2004). Observations have shown that glide-snow
avalanches mostly release in well-known avalanche paths which are typically characterized by a slope angle greater than 28
(Ancey and Bain, 2015) and a smooth ground surface (in der Gand and Zupancic, 1966). It is generally accepted that the loss
of friction between the snowpack and the ground is caused by liquid water at the ground-snow interface (Clarke and McClung,
1999; in der Gand and Zupancic, 1966; McClung, 1987).

The potential sources of liquid water include melt-water percolation (Lackinger, 1987; Clarke and McClung, 1999), geother-
mal heat (McClung, 1987; Newesely et al., 2000; Holler, 2001), and capillary suction (Mitterer and Schweizer, 2012). Whether
the loss in friction causes the formation of a tensile crack or a full-depth avalanche release depends on the stauchwall, which
is the supporting snow cover located at the lower edge of the gliding zone. The stauchwall stabilizes the gliding snowpack as
long as it can withstand the increased rate of loading after tensile failure (Bartelt et al., 2012). There have been several attempts
to analytically describe the glide velocity (Haefeli, 1939; McClung, 1981, 1987; Bombelli et al., 2021) and release through
stauchwall failure (Bartelt et al., 2012). However, none of these models investigate a pseudo-3D slope or the effect of soil and
snow spatial variability on avalanche size, location, and release timing.

While the processes leading to glide-snow avalanche release are not fully understood, we can think of glide-snow avalanches
as a gravity-driven mass movement. It has been shown for other mass movements such as dry-snow slab avalanches (Kronholm
and Birkeland, 2005; Faillettaz et al., 2004), landslides (Lehmann and Or, 2012; Stark and Hovius, 2001), and rockfalls (Dus-
sauge et al., 2003; Malamud et al., 2004) that their release area distributions follow a scale-invariant power law distribution.

This means that the probability distribution p(X) of release areas follows a power law with an exponent  (Bak, 1996; Sornette,

2006) corresponding to:
X

p(x) / ( : ) with X = Xmin: > 1: (1)
min

Often, the power law only applies to the tail of a distribution where values are greater than a minimum value (Xy,,) (Sornette,
2006). These heavy-tailed power law distributions may be associated with self-organized criticality (SOC), which refers to the
spontaneous organization of an externally driven system into a (marginally) stable state. Models that replicate this behaviour are
called cellular automata. They consist of many interacting elements that show a non-linear threshold response while externally
driven with a constant rate (e.g. Sornette, 2006). In other words, local element failures can progress into large-scale mass
release.

A range of cellular automata have been introduced including, but not limited to, the sandpile cellular automaton, spring-
block-models or fibre bundle models. The sandpile cellular automaton (BTW model, Bak et al., 1987; Hergarten, 2002; Piegari
et al., 2006) is built on a threshold-based instantaneous mass redistribution among the neighboring elements. Spring-Block-

Models such as the Burridge-Knopoff model (Burridge and Knopoff, 1967) or the OFC-model (Olami et al., 1992) take into
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account mechanical properties between neighboring elements. They have previously been extended to account for friction, slid-
ing and tension cracking in gravity-driven systems (Faillettaz et al., 2010). Fibre bundle models (Alava et al., 2006; Lehmann
and Or, 2012) have been used to study fracture processes including dry-snow failure (Reiweger et al., 2009; Capelli et al.,
2018). These SOC concepts have been applied successfully to model gravity-driven mass movements including landslides
(Lehmann and Or, 2012) and dry-snow slab avalanches (Kronholm and Birkeland, 2005; Faillettaz et al., 2004).

In this study, we show that the same SOC concepts can be applied for glide-snow avalanches. We show (i) that the frequency
distribution of glide-snow avalanche release areas observed on Dorfberg can be described with a power law and (ii) that the
power law exponent can be reproduced with a threshold-based mechanical model that was based on the principles of SOC
The mechanical interaction and failure propagation between elements (snow columns) was parameterized according to the
current process understanding of glide-snow avalanche release. The aim of this study was to investigate the in uence of spatial

variations in basal friction and snow properties on the avalanche release area and the power law exponent.

2 Release area model

The glide-snow avalanche release area model was inspired by the landslide triggering model described in Lehmann and Or
(2012). To model the avalanche release area based on the progression of local failures, we discretized the snowpack intc
interacting snow columns connected to the soil through the basal friction. In contrast to the landslide model, which accounts
for reduced soil strength by in Itrating water, the model presented here is driven by a uniform, step-wise reduction in basal

friction. The reduction in basal friction can lead to locally unstable snow columns and stress redistribution onto neighboring

columns which can further lead to failure propagation and avalanche release. The basal friction is a proxy and we do not include
any assumptions on how the basal friction is linked to processes such as liquid water formation or environmental variables such
as ground roughness. In this section, we rst describe the model implementation and parameterizations on a uniform slope. In

subsection 2.5 we describe the model adjustments for simulations on a non-uniform slope (real topography) in detail.
2.1 Model setup and initiation

The snowpack is discretized into hexagonal columns (apothesnow height, snow density , see Figure 1). The column

height is parallel to the direction of gravity and the columns are placed on a uniform hillslope with a slope dfgle
implementation of local topography see subsection 2.5). The basal fricti@r[Q; 1]) between the hillslope (ground) and

the snow columns was modelled as a Gaussian random eld with an exponential covariance function (parameters: variance,
mean and correlation length; see Appendix A). The total magf a snow column and its forcé-§ = mg) due to gravity

(g) can be divided into two components: the down-slope foFge<{ Fgsin ) and the counteracting normal frictional force

(Fn = F gcos ). Dividing the forces with the effective hexagonal cross secthan£ 2 P 3a) results in the normal stress

_ Fncos

A - gh cog @)

N



Figure 1. a) The model consists of hexagonal columns on a uniform slopgg) Every snow column is de ned by its snow heigt
the apothena, the snow density and the basal friction . Every column (axial coordinate: (qg,r)) is connected to its neighbor through a
compressive (yellow), shear (green) or tensile (blue) bond.

and the basal shear stress

Fycos )
= H=2 gh sin cos: 3)
An
85 The 'driving' component of the model is the excess stMss . During model initialization (Figure 2), the random

basal friction eld is scaled such that all hexagonal columns are initially stakdle (0). The reduction in basal friction due to
liquid water formation is mimicked as a step-wise and uniform reduction in basal friction. If this causes the basal shear stress
to exceed the normal stres#/(< 0) anywhere in the model domain, the corresponding column’s basal friction is set to the
residual friction (es<< ) and the excess stre¥¢ is recalculated. The residual friction.s is a constant value which is

90 independent of the column location and the initial friction
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2.2 Bonds representing mechanical interaction between snow columns

If a column with the axial coordinate (q,r) is unstable (W<0), it can be stabilized if the excess/ftiems be equalized by the
strength of the connections to its neighboring columns (Figure 1b). The connection of column (q,r) to its neighbors is referred
to as a 'bond' and is a snow strength property. We distinguish between comprds3jvehéar {s), and tensilef()) bonds.

For a uniform slope, the down-slope neighbors ((q, r-1), (g+1, r-1)) are connected through compressive bonds, the up-slope
neighbors ((g-1, r+1), (g, r+1)) through tensile bonds, and the left (g-1, r) and right (q+1, r) neighbors through shear bonds
(Figure 1b). The stress is divided equally between bonds of the same type. Subsection 2.5 describes how the bonds are assigne
and how the excess stress is distributed in case of a complex topography.

2.3 Compressive bond strength and snow density

The strength of the compressive boffig) (s a snow strength property that was calculated based on the dry-snow deivsiy
model the snow density as a Gaussian random eld with an exponential covariance function. The density random eld is not
correlated with the basal friction random eld. The spatial variation in density includes all contributions to the column mass as
we assume a uniform snow height.

To link the snow density and the compressive bond strength, we followed the dry snow strepgitiensity relationship
reported by Mellor (1975, Figure 17) which we parameterized as

m=AexpB )for 500kgm 3: 4)

with A =256 Pa andB =16:5 10 3mPkg ®. The snow strengthy is given in Pa and the snow densityn kg m 3. As
the side length of the hexagonal column in uences the area that connects neighboring columns (and thus the acting stress), we
introduced a unitless factsgyengmthat allows us to scale the bond strength

fc= Sstrength M- )

The outermost columns that do not have a neighbor are assigned a virtual neighbor with a high prede ned compressive bond
strength (Table 1), which results in a xed boundary condition. For the relative magnitude of compressive, tensile, and shear
bond strengthsf¢:f s:f 1), we assume a ratio of 10:2:1 based on the review by Mellor (1975).

2.4 Stress redistribution and stability evaluation

The model is initialized with all columns in a stable staté ( 0). The basal friction is reduced step-wise and uniformly for all
columns until an unstable columW/( < 0) occurs in the system. An unstable column (q,r) initially distributes its excess stress

W = (esgh cos equally onto all neighbor bonds. The stress acting on a bond is calculated based on the side wall area
of the hexagon. If the stress onto a neighbor (compressiv&ear s, or tensile ;) exceeds the bond strength (for example:

>f ), the bond fails and the stress is redistributed equally amongst the remaining intact bonds. This can lead to stabilization of



Figure 2. Conceptual overview of the modeling steps. After model initialization (subsection 2.1) column stability is evaluated for every
column (subsection 2.4). Columns that failed (no stabilization, here indicated by black hexagons) are removed from the system and the

system is reevaluated until no additional columns fail.
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the column (q,r) if the bonds are strong enough or failure of the column if all bond strengths were exceeded. If a column (q,r)
can be stabilized the stress is transferred along the intact bonds onto the neighboring columns. No stress is transferred along
broken bond and no memory of the broken bond is kept for the next neighbor stability evaluation. The transferred stresses are
taken into account when recalculating the excess stress corresponding to

W= N+ c+ s+ ¢ : (6)

This redistribution can result in high, local stresses that can cause initially stable columns to overcome frictional support and
fail.

If, for column (q,r), all neighboring bond strengths were exceeded, the column (q,r) fails and is removed from the system.
In addition, its two compressive neighbors fail as they were unable to support the column (Figure 2). This mimics the partial
failure of the stauchwall. If a column failure occurs, the column(s) are removed from the system and they cannot support
neighboring columns any longer. This can cause a cascading chain reaction that results in an avalanche of failures.

After the failed columns have been removed, the load redistribution (which occurred during column stabilization) is reset for
the entire system and the stability of all remaining unstaldle< 0) columns is reevaluated. The system reaches a new stable
state when all unstable columns failed or were stabilized by their neighbors. In this stable state only a reduction in friction can
cause new failures. The model stops once at least one of the avalanche(s) (clusters of failed columns) in the new stable stat
exceeds the given minimum avalanche size. If no avalanche exceeds the minimum avalanche size, the basal friction is reduce:
uniformly by a value de ned as the friction step size and the stability evaluation for all columns is restarted. The friction step
size acts as a pseudo time variable. A large friction step size results in a large and sudden reduction of basal friction. A small
friction step size results in a smaller and more gradual reduction of basal friction.

2.5 Model applied to a non-uniform slope

The assumption of a uniform slope simpli es the model because parameters such as the slope angle or the relative coordinate:
of the compressive, shear and tensile bonds are constant. To run the model on a real slope with varying topography, based o
its digital elevation model (DEM), a few adjustments have to be made. In the initialization phase (subsection 2.1, Figure 2) the
down-slope gradient and slope angle were calculated at the DEM resolution. To transfer these values from the raster DEM to
the hexagonal grid, the values were interpolated to the hexagon center positions. We used nearest-neighbor interpolation fo
the gradient and linear interpolation for the slope angle.

In the stability evaluation phase (subsection 2.4, Figure 2), the bond type for every neighboring column depends on its
relative location to the column (q,r) and the down-slope gradient (Figure 3). Of the six column neighbors, the two down-
slope neighbors interact through compressive bonds, the two up-slope neighbors through tensile bonds, and the remaining
two neighbors through shear bonds. The direction of the down-slope gradient determines what neighbors are assigned the
compressive bonds and how the total compressive stress is weighed among the two compressive neighbors. Figure 3a shows ¢
example where the down-slope gradient direction is given by the andlere, the neighbors (0,1) and (1,0) are compressive
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neighbors. The weighting factor
!()=%cos3+% )

is de ned by a cosine function. The neighbors would share the load equaf#y(5) if =30 and the compressive strength

of neighbor (1,0) would have to carry all of the compressive stressi® . Once the compressive neighbors were determined,

the tensile neighbors (here: (-1, 0), (0,-1)) are determined along the same axis (axial coordinates). The weighting factor is the
same as for the compressive neighbor along the same axial axis. Finally, the shear neighbors (here: (-1,1), (1,-1)) always shar
the load equally!( = 0.5).

Figure 3. Visualization of the stress distribution from the center hexagon (0,0) onto the compressive bonds to neighbors (1,0) and (0,1) on a
non-uniform topography. a) The down-slope gradigrind its direction were calculated from the DEM and b) the parametrization of the
stress weighting factdr with the gradient direction for the compressive neighbors (1,0) and (0,1) (Equation 7).

3 Sensitivity analysis
3.1 Sensitivity analysis on uniform slope

We investigated the in uence of snow and friction related model input parameters (Table 1) on the release area distribution and
compared the results to the release area distribution observed at Dorfberg (Figure 4a). Dorfberg is a mostly southeast-facing
slope above Davos, Switzerland with well documented glide-snow avalanche activity (Fees et al., 2023). The distribution of
glide-snow avalanche release areas (> £ m= 488) were obtained from georeferenced time-lapse photographs that were
taken during the seasons of 2008/09 to 2022/23 (for method and more information see Fees et al. (2023)).

The snow and friction related model input parameters were varied one parameter at a time based on the baseline simulatior
(Table 1). For one set of input parameters we conducted 30 simulations which stopped once an avalanche in a stable stat
exceeded the minimum avalanche size of 70 All simulations were conducted on a uniform slope consisting of 100 x 100
hexagonal columns with a cross section of 1. etails on the model parameters such as the number of simulations, the
exponential covariance function, and the system size are provided in Appendix A. The random elds were generated with
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Figure 4. a) Overview of the Dorfberg eld site (Davos, Switzerland) with the Seewer Berg slope (red box) which was used to evaluate the
model on a real topography. b) Map of the area around the Seewer Berg slope (red box). The blue shaded area in the red box indicates th
area that was masked out for the model due to high vegetation roughness. Map: Federal Of ce of Topography

GSTools (Muller et al., 2022). In case more than one avalanche released during a model run, all avalanches above the mini-
mum avalanche size were taken into account for the release area distribution. The power law exponent was estimated with the
maximum likelihood estimate. The minimum valggi, was determined according to Clauset et al. (2009) (using Alstott et al.
(2014) with the Euclidean metric). If indicategl, of a simulated distribution was set to thgi, observed on Dorfberg for

better comparability between distributions. The aspect r%@@f—r{) of the modelled release area was calculated as the distance
between the leftmost and rightmost hexagon (width) and the uppermost and lowermost hexagon (length).

3.2 Real topography

We also investigated the in uence of a real topography on the release area distribution and the release location. We ran the sim-
ulations on the DEM of one slope called Seewer Berg on Dorfberg that is known to produce glide-snow avalanches (Figure 4,
coordinates: 46.8183N, 9.8367 E). The Seewer Berg slope ranges in elevation from 1765 m a.s.l. to 1818 m a.s.I and is
southeast-facing with a slope angle3df 5 (mean standard deviation). There are locations with slope angles around 40
within the Seewer Berg slope which are interspersed with rocks, trees or large bushes. There have only been few observation:
of glide-snow avalanches releasing in these locations. As our model does not take vegetation or surface roughness into accoun
we masked out these parts of the slope to prevent unrealistic avalanche releases in these steep areas (dark blue shaded are:
Figure 4b). In the model, the hexagonal cross section was set equal to the DEM resolution{0r@Sutting in a hexagon

apothenma of 0.072 m.



