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Abstract. Snow avalanches are rapid gravitational mass
movements that pose a significant hazard to both humans
and infrastructure, including traffic lines. Risk management
in mountainous regions usually relies on the experience of
avalanche experts, observations in the field, weather and
snowpack measurements, and numerical simulations.

Ensuring road safety requires considering daily weather
conditions, snowpack characteristics and terrain features. To
include a numerical model in the decision-making process
for road safety, it is essential to incorporate all these factors
and utilize in situ measurements as input parameters for the
simulations.

This study investigates the predictive capabilities of the
numerical simulation model RAMMS::EXTENDED, an ex-
tended version of the well-established RAMMS (Rapid
Mass Movement Simulation) software, to estimate avalanche
runout distances along an important infrastructure corridor
in the Dischma valley near Davos, Switzerland. Specifically
tailored to cold-powder avalanche dynamics and taking into
account the temperature of the snowpack and entrainment,
our inquiry utilizes meteorological station measurements as
an input to evaluate the model’s performance.

In this paper, we begin by providing an overview of the
model, examining its physical and practical aspects. We then
conduct a sensitivity analysis on input and system parame-
ters, focusing on avalanche dynamics representation. Lever-
aging drone-based observational data, we perform a compar-
ative analysis to validate the simulation results.

In addition to recalculating avalanches due to the sensitiv-
ity analysis, we show that we achieve meaningful predictions
of the avalanche runout distance for cold-powder avalanches
by incorporating snow height and snow temperature mea-
sured by weather stations at two different altitudes near the
avalanche release zone. In the future, a refined version of
this approach could allow for near real-time hazard assess-
ments, which has the potential to significantly improve the
decision-making protocol for road closures and reopenings.
Furthermore, we plan to calibrate the model for wet-snow
avalanches to cover a larger range of weather and snowpack
scenarios.

1 Introduction

In some avalanche-endangered regions, a robust network of
measurement stations provides point information on snow
depth, temperature, and wind speed. In this publication, we
aim to explore how these data sources can be leveraged to
simulate avalanche runout distances to represent daily condi-
tions. Using the example of road safety, we will demonstrate
how this information can be applied to protect infrastructure.
The same approach is adaptable for other safety frameworks,
such as ski slopes or buildings in avalanche-prone areas.
Due to economic and environmental constraints, many
mountain roads cannot be effectively protected using
long-term technical measures to prevent avalanche release
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(avalanche defence structures) or inundation (road align-
ment, snow sheds and tunnels). Therefore, local hazard ex-
perts must make decisions to close roads and stop all traf-
fic during avalanching periods. These decisions rely on in-
formation from the warning services, the interpretation of
measurement data and experience (Stoffel and Schweizer,
2008). Increasingly computer-based expert systems such as
the nearest-neighbour model for regional avalanche forecast-
ing called NXD (Brabec and Meister, 2001) or Al systems
are applied to help the hazard experts.

In this work, we focus on adding information to the
decision-making process by combining data from weather
stations, numerical modelling and drone measurements. The
primary goal is to answer the question of whether an
avalanche could reach a road under specific snowpack and
weather conditions. Having this information at hand could
enhance road safety mitigation and reduce the road closure
times to a minimum (Sheng et al., 2022). For this approach
to be successful and to include all possible avalanche paths
along a road, accurate reports of snowpack and weather con-
ditions are needed. These data must be collected as close as
possible to the specific avalanche path.

The utilization of numerical avalanche dynamics mod-
elling to enhance road safety signifies an important paradigm
shift in avalanche engineering. While numerical models have
traditionally and extensively been adopted for generating
hazard maps and designing avalanche defence structures
along specific avalanche paths, they often do not include
crucial snow properties such as snow-cover layering, den-
sity, temperature or moisture content to represent daily con-
ditions. Avalanche fracture heights are typically determined
through statistical analysis of long-term snow accumulation
data from measurement stations (Salm et al., 1990). Follow-
ing an approach pioneered by Voellmy (Voellmy, 1955), ex-
treme avalanche events are typically addressed using cali-
brated parameters derived from historical avalanche occur-
rences (Gruber and Bartelt, 2007). While this approach is
suitable for hazard mapping, it fails to leverage recent ad-
vancements in automatic weather stations or drone measure-
ments (Biihler et al., 2017). Consequently, the output from
numerical models available to local hazard engineers for de-
ciding whether to close a road is limited, as it becomes chal-
lenging to correlate specific measured data with potential
avalanche runout distances.

A first approach to use numerical simulations for road
safety is presented in Keylock et al. (1999), where typical
avalanche scenarios are precalculated. For operational daily
predictions, a system is implemented in Chile as described in
Vera Valero et al. (2018). It uses avalanche dynamics mod-
elling based on RAMMS to predict whether an avalanche
reaches a road. For the input data, it relies additionally on
the simulation tool SNOWPACK (Cerda et al., 2016; Lehn-
ing et al., 1999).

As we experiment with new applications and develop more
complicated modelling chains, we also place new demands
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on these existing numerical models. To accurately represent
snow and weather conditions, a model must have the capabil-
ity to encompass avalanches with different flow regimes (in-
cluding wet-, mixed- and dry-snow avalanches) and consider
snow-cover entrainment and mass growth, the braking effects
of different forest compositions, and (most importantly) the
influence of snow temperature. Existing avalanche dynamics
models which focus on the flowing regime, ELBA (Keiler
et al., 2006), OpenFOAM (Rauter et al., 2018), SAMOS-
AT (Sampl and Granig, 2009), AvaFrame (ava, 2023) and
RAMMS::Avalanche (Christen et al., 2010), only meet parts
of these requirements.

In this publication, we focus on the investigation of a sys-
tem for cold avalanches. We utilize three well-documented
avalanches that overflowed a mountain road near Davos
(Switzerland) to investigate how avalanche dynamics mod-
els can effectively be used with weather station data. The
avalanches were artificially released and developed into a
mixed flowing-powder type. Post-event drone scans provided
detailed information on runout and snow-cover distribution.
We apply an extended RAMMS model that includes snow
temperature (Vera Valero et al., 2016), entrainment (Bartelt
et al., 2018), and formation and propagation of the powder
cloud (Zhuang et al., 2023a). The model was calibrated using
avalanches observed at Vallée de la Sionne (VdIS) (Ammann,
1999), considering only those that did not reach the coun-
terslope according to P. Bartelt (Perry Bartelt, personal com-
munication, 26 January 2024). Additionally, avalanches from
winter 1999 in Switzerland were used, which are presented in
Vallet et al. (2001). In the first part of this paper, we provide
an overview of the current version of the model, summarize
the recent literature on RAMMS::EXTENDED and present
the current calibrations. In the second part, we back-calculate
the observed avalanches using temperature data from nearby
snow monitoring stations and the parameter set from VdIS.
We show how the model reacts to changing boundary con-
ditions and the sensitivity of model performance to variation
of parameters. Our results highlight the challenges of using
avalanche dynamics models for road safety applications.

2 Observations and methods
2.1 Avalanche events, Davos, 15 January 2019

We examine three separate avalanche events that took place
in the vicinity of Davos, Switzerland. These incidents oc-
curred in mid-January 2019 in the Dischma valley during
a cold-weather period, leading to the formation of mixed
flowing-powder avalanches (see Fig. 1). The three avalanche
tracks are located on the northeastern slope of Bridmabiihl
(Davos) and have the names Wildi, Riichi and Chaiseren.
The release zones are all located at roughly 2300 m a.s.l. on a
northeastern aspect. The tracks drop between 650 and 750 m
in elevation, running over a well-used crosscountry skiing
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track and a local road. The tracks are somewhat channelized
below the release zone, but they open to wide, laterally un-
constrained runout zones at the valley bottom. In the past,
avalanches from these tracks have blocked the road connect-
ing the inhabitants of the valley and Davos, wooden buildings
have been destroyed and trees in the surrounding forests have
been blown over by avalanche air blasts. Hazard maps exist
for all three tracks.

The 2019 avalanche events are unique since substantial
snowfall preceded the cold spell, with snow depths as high
as 2.5m measured at nearby snow-cover monitoring sta-
tions. A strong winter storm passed through the valley on the
14 January 2019 with strong winds that redistributed snow
on the slope (Glaus et al., 2024). The avalanches eroded
a deep, cold snowpack, which contributed to the formation
of powder avalanches. The avalanches were artificially re-
leased, and additional photos from the helicopter during the
avalanche control provided estimates of the powder cloud
speed (around 30ms~! in the runout zone) and height (ap-
proximately 40 m). For the Riichi and Chaiseren paths, the
approximate cloud speed can be estimated by analysing the
position of the powder cloud front over time as illustrated
in Fig. 2. The avalanches considerably increased in mass af-
ter release due to snow entrainment. In the following days,
a field campaign was carried out to gather data concerning
the location of the release zones, entrainment heights and
avalanche runout lengths. The data were coupled with tem-
perature data from nearby snow monitoring stations (Weiss-
fluhjoch and IMIS SLF2), which are situated 6 and 3 km
away. The Weissfluhjoch station (2536 ma.s.l.) is located
roughly at the same elevation as the avalanche release zones,
and the IMIS SLF2 station (1570 ma.s.1.) is at the same ele-
vation as the runout zones (1600 ma.s.1.).

On-site data collection was conducted with structure-
from-motion photogrammetry (Biihler et al., 2011) using
drones, allowing for the measurement of snow heights
by comparing post-avalanche elevation surfaces with bare
ground surfaces during the summer obtained from the
Swiss Federal Office of Topography (SwissTopo) (Swis-
stopo, 2024). In Fig. 3, the measured post-avalanche snow
heights for all three avalanche tracks are shown. These drone
data allowed for the delineation of the release zones, thanks
to a clearly visible stauchwall. Avalanche fracture height (dp)
perpendicularly to the terrain could be estimated by compar-
ing measured snow heights at similar altitudes to the average
snow height in the release zone after avalanche release. Addi-
tionally, from the drone measurements, the snow distribution
gradient V D could be determined. These values are reported
as the average decrease in snow-cover height per 100 m drop
in elevation (Fig. 6).

To better understand temperature gradients VT along the
path (Fig. 6), we analysed snow pits concurrently with tem-
perature readings at Weissfluhjoch and SLF stations (Ap-
pendix Fig. Al). The average temperature of the released
snowpack was used to infer temperature gradients and snow
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density in the release zone, further interpolated across sta-
tions at varying altitudes to understand snow-cover gradients.

Our approach was to simulate the avalanche events from
2019 based on meteorological data and snow pits and to val-
idate the results for the avalanche outlines and dimensions
that we measured based on the post-avalanche drone data.
We started by simulating one avalanche and then applying
the parameter set of this avalanche to the other two tracks as
they were triggered almost at the same time and hence should
have the same input data. A summary of the snow cover and
temperature input data of the Briamabiihl events is presented
in Table 1. The same avalanching period in January 2019
produced a well-documented event on the nearby Salezer
avalanche track in Davos (on the same day) as well as a
powder avalanche at the experimental VdIS test site, which
we could additionally use for validation. In this publication,
we keep the focus on the Briamabiihl event to describe our
methodology.

2.2 Evaluation method

Our evaluation approach focused on determining if an
avalanche can reach the road. We also estimated the extent
of both the dense avalanche core and powder cloud impact
pressures. To do so, we have developed a post-processing
tool to assess model outputs based on the maximum values
per pixel of velocity, flow height, and pressure per calcula-
tion cell as described in Glaus et al. (2023). We extract the
outlines of both the core and cloud, determining the longest
distance by identifying the two most distant points using the
convex hull algorithm combined with the rotating calipers
method (in Python via scipy.spatial. ConvexHull). The result-
ing avalanche runout distances for the Brimabiihl event are
marked in Fig. 13, and the values are given in Table 1. For
core outline, we identified pixels with a flow height greater
than 0.1 m and a velocity less than 1 ms~'. For the cloud,
the outline is based on the stagnation pressure with a lower
threshold set at 0.5 kPa computed by 0.5 pq;ufb with the pow-
der cloud profile described in Zhuang et al. (2023a). While
this method works well for simple avalanches, it requires
careful consideration in cases where avalanches exhibit fin-
ger formation or the avalanche strongly deviates in the lat-
eral direction. Additionally, the code accounts for the case
of perfectly symmetric avalanches (as observed on idealized
slopes) by measuring the distance between the two outermost
points in the flow direction.

We conducted a sensitivity analysis to determine how the
avalanche responds to variations in the initial conditions and
model parameters. The goal of that study was to quantify
the impact of uncertainties in input parameters on simula-
tion outcomes. Given the complexity of avalanches, a large
number of model parameters required calibration, but not all
data can be presented in detail in this publication due to space
limitations.

Nat. Hazards Earth Syst. Sci., 25, 2399-2419, 2025
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Figure 1. On the left side is the depiction of the measured release zones of the three avalanche paths named (1) Wildi, (2) Riichi and (3)
Chaiseren. The measured outline of the three avalanches at Bramabiihl on 15 January 2019 from the drone data are marked in red (map source:
Federal Office of Topography). On the right side is the deposition of the three powder avalanches in the Dischma valley (Davos, Switzerland)
originated from northeast-facing slopes. Powder avalanches often reach the valley road after traversing a flat runout zone (photos made by
Vali Meier, SOS Davos Klosters). The grid lines show a distance of 1 km.

[ N

=== Core Outline
=== Powder Cloud Front

Figure 2. Estimation of the powder cloud velocity from the helicopter-captured images for the Riichi path. The velocity was calculated by
comparing the distance travelled by the cloud to the time interval between the images (photos made by Vali Meier, SOS Davos Klosters).

First we back-calculate the avalanche data from the 2019
Brimabiihl event with the given parameter set from the VdIS
calibration for all the hard-coded parameters. We vary one
input parameter at a time and compare it to the observed
avalanche outlines that are presented in Fig. 1. To set the in-
put parameter set, we use the weather station data, with an
emphasis on parameters that practitioners can measure. Sub-
sequently, we expand to varying pairs of parameters, such as
snow-cover temperature and temperature gradient. Details of
these initial findings are discussed in Glaus et al. (2023).

2.3 A method for modelling snow-cover distribution
dx (Z) and temperature T (Z)

The underlying idea behind the SLF procedure on avalanche
dynamics calculations is to exploit long-term, measured
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frequency—magnitude snowfall data to determine avalanche
fracture heights dy. Avalanche fracture heights are explicitly
related to measured extreme 3 d snow-depth increase (Salm
etal., 1990). This procedure underscores two salient assump-
tions of the Swiss guidelines. Firstly, regional variations in
snowfall climatology are included via the measurement data
(snow height frequency); secondly, extreme avalanche activ-
ity is directly related to intense new snowfall. In the fol-
lowing, we develop a methodology to determine avalanche
entrainment heights for road safety calculations within the
framework of these existing Swiss guideline procedures that
uphold these two basic assumptions.

Because the snow monitoring stations are located at differ-
ent elevations and different slope angles, snow accumulation
data must be adjusted to account for the specific elevation
and slope of the avalanche release zone. Within the guide-
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Figure 3. Snow-depth distribution mapped photogrammetrically with the eBee RTK drone on 16 January 2019 for the entire area (left) and
zoomed in to the avalanche release zone (right) after the avalanches were triggered. Significant wind redistribution effects are visible in the

image (map source: Federal Office of Topography).
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Figure 4. Visualization of the idealized plane inspired by the steepness of the Riichi avalanche path. (a) Bird’s-eye view of the plane with
contour lines and altitude marked. The colour gradient indicates slope angles, ranging from low (flat areas) to high (steep areas). The scale for
the runout distance shows the avalanche length for a release zone which is placed at 2200 ma.s.1. (b) Cross-section of the plane, illustrating

the elevation profile along a selected transect.

lines, this is performed by applying a snow height gradient
VD.If Z, is the elevation of the measurement station and if
Z is the elevation of the avalanche release zone, then the first
iteration of the fracture height d(()l) is found by adjusting the
value obtained, di,, from the statistical frequency—magnitude
analysis of the measurement station (Salm et al., 1990):

A" = dw+VD(Zo— Znm). (1

The gradient VD has units of metres per metre (mm~"). To
align with the input values for RAMMS::Extended, we ex-
press it as metres per 100 m change in elevation (see Fig. 6).
Higher snow accumulation heights are found at higher ele-
vations. Typical gradient values for Switzerland (European
Alps) are 0.03m/100m < Vdp <0.05/100m (Salm et al.,
1990).

The next iteration déz) accounts for the slope angle of the

release zone for slopes steeper than 28°. The height d(()l) is
adjusted with the slope reduction factor f (i) (Salm et al.,

https://doi.org/10.5194/nhess-25-2399-2025

sin(28°) — 0.202 cos(28°)

F@) = sin(y) — 0.202cos(v) ¥

to calculate avalanche fracture heights:
do = (do)* = f(W)dy". 3)

The slope reduction formula is derived by treating the new
snow layer as a Mohr—Coulomb continuum governed by
cohesion (c =~ 600Pa) and internal friction angle (tan(¢) =
0.202) with density pg = 200kg m3 (Salm et al., 1990).

We adopt the same two-step procedure to derive the erodi-
ble snow depth for road safety calculations. Moreover, we
take

ds(Z) = f(¥)ldm +VD(Z = Zm)], “)

where we now replace the fracture zone elevation Zy with
the slope elevation Z. This procedure thus places less snow

Nat. Hazards Earth Syst. Sci., 25, 2399-2419, 2025
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Table 1. Overview of the input data for snow height and temperature data for the Bramabiihl events.

Snow-cover disposition Wildi Riichi Chaiseren Source
Release height dy 0.95m 1.45m 0.95m Drone
Release density pg 193kgm™3  193kgm™3  193kgm™3  SNOWPACK
Maximum erosion height d(’)" 1.15m 1.85m 1.15m Drone
Erosion gradient V.D 0.1m/100m 0.1m/100m  0.1m/100m SNOWPACK
Erosion density pyx 193kgm™3  193kg/m™3 193kgm™—3 SNOWPACK
Release temperature T —8.1°C —-8.4°C —-7.8°C SNOWPACK
Temperature gradient VT 1°C/100 m 1°C/100 m 1°C/100 m SNOWPACK
Runout distance 1340 m 1545 m 1160 m Drone

Grid resolution Sm Sm Sm -

-

(b) Snowcover Temperature [°C]

e

-8.5 -2

Figure 5. Simulated erodible snow cover (a) and temperature distribution (b) applied for the modelling. The observed outlines from the

Briamabiihl events are marked in red.

on very steep track segments, e.g., on cliff faces. In the fol-
lowing, we do not take the guideline values for accumulation
gradients, but we do take the values derived directly from the
measurements VD = 0.1 m/100m in the present case; see
Table 1 as described in Sect. 2. The resulting snow distri-
bution is shown in Fig. 5.

We see strong temperature gradients present in the upper
layer of the snowpack (i.e. recently accumulated snow) in
both the release and runout zones (see Fig. Al in Appendix A
for the snow-pit measurements at nearby stations at the alti-
tude of the release zone and deposition). The release tem-
perature is defined as the average temperature of the snow-
pack from the fracture depth to the surface, excluding the
snow surface temperature from the calculation. The measure-
ments indicate that low snow temperatures (T, &~ —8.5°C)
exist in the avalanche release zone of Riichi avalanche (Z =
2350ma.s.l.), and higher temperatures exist at the IMIS
SLF2 station (T, &~ —1.9°C) at Z = 1570 ma.s.l. The tem-
perature gradient VT = 1°C/100 m (Table 1 and Fig. 5) can
be determined from

Ts(Z) =T — VT (Z — Zn). 5)

Nat. Hazards Earth Syst. Sci., 25, 2399-2419, 2025

3 Avalanche model

To back-calculate the observed avalanches, we utilize the
enhanced version of the depth-averaged RAMMS model
(Christen et al., 2010). The extended model encompasses the
avalanche core (denoted by the Greek letter @), the powder
cloud (designated as IT) and the underlying snow cover (%)
(see Fig. 7). The basics of the model are presented in Zhuang
et al. (2023a). In this section, we will revisit some of the
key equations from that publication to provide a complete
overview. Along with these equations, we will include more
detailed explanations and introduce the closure relations.

To accurately model the observed avalanches and snow-
cover conditions, the following model features are necessary
and contained in the extended RAMMS model: (1) com-
putation of the mean internal energy (thermal temperature)
of the avalanche core given the initial temperature of the
snow cover; (2) the ability to define snow-cover properties
as a function of elevation, exposition, and slope-dependent
terrain features; and (3) the ability to track the generation
and independent propagation of the powder cloud. Devel-
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(b)

Temperature Gradient VT
Erosion Height Gradient VD
Erodible Snow Layer

Release Volume

Temperature Gradient VT= 0.5°C/100m
-8.4°C -1.9°C

Erosion Height Gradient VD= 0.1m/100m
1.45m 0.8m

Maximum Erodible Snow
1.85m 1.85m

Figure 6. Graphical depiction of input values to initialize a simulation. An example of the values used for reproducing the Riichi path is
shown in (b). The values are chosen based on field measurements and weather stations.

opment of the model has been conducted incrementally by
Bartelt and Buser, as well as their collaborators (Bartelt et al.,
2006; Buser and Bartelt, 2009; Bartelt et al., 2012, 2015a;
Zhuang et al., 2023b). A first 1D two-layer model for pow-
der snow avalanches including entrainment was developed at
the beginning of the 1980s by Eglit (1983). Further models
were developed by Russian researchers (Bozhinskiy and Lo-
sev, 1998); however, these models did not include grain flow
process physics (Haff, 1983; Hutter et al., 1987; Jenkins and
Mancini, 1987) or thermal effects (Valero et al., 2015; Vera
Valero et al., 2018). In the following sections, we present the
model equations for the core and the cloud, and we discuss
the role of the snow cover. The equations are based on the
change of height of the snow cover, core, cloud and air to rep-
resent the mass flow. As we calculate with the mass divided
by the deposit density and unit footprint area, we will show
the equations as a function of the height H. The mass flux
which is also normalized over density and unit area across
the boundary between two layers will be denoted by the ve-
locity H.

3.1 Avalanche core ®

The avalanche core is a shear flow containing mass in the
form of snow clods (grain flow). The core dynamics are
characterized by three state variables, namely the co-volume
height ho., representing the snow packing found in the de-
position zone; the dispersed or flowing height /44; and the
slope-parallel velocity vector ug. The co-volume height has
an associated density pg, whereas the dispersed flow height
has a density pgp. The model assumes uniform density and
velocity profiles where the mean values are taken. Hence, to
estimate damage areas, the profile function must be applied
by the user during post-processing. The mass and momentum
equations for the avalanche core @ are

A A E . . AH .
8th<1>+v‘(h<bu<b> = —'(j H2—><1>—H<1>—>\11——/i He_.m, (6)
P Po
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Figure 7. The three primary components of the extended RAMMS
model are the avalanche core @, the powder cloud IT and the erodi-
ble snow cover X. The surrounding air is denoted by A.

dthe +V - (houe) =D(x,y,2), )

0y <f1d>u®) +V. (flcbucb Quo+ pq>1>

A u . Orl .-
=Ghy— —S¢ — |:Hq>—>\y+A—an>—>n}ud>- (®)
[l Po

The avalanche core is driven by gravity G and resisted by
shear stress per unit density S¢. The mass and momentum
balances involve the snow-cover entrainment Hy_, ¢, SHOW
detrainment by trees Hq)*)\[/ and mass/momentum transfer
to the cloud I-.Iq>%n. As a simplification, the mass exchange
between the dense core and the suspension layer is consid-
ered unidirectional, with no mass from the cloud being drawn
back into the core. The implications of this assumption are

Nat. Hazards Earth Syst. Sci., 25, 2399-2419, 2025
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discussed in Vicari and Issler (2025). Parametrization of for-
est detrainment is discussed in detail in Feistl et al. (2015).
Equation (7) describes the dilution and compression of the
core; D(x,y,t) represents the change in core height due to
dispersive pressure effects (Buser and Bartelt, 2015). We cal-
culate volumes of air that enter the core as the core expands
and contracts. Hence, the equation tracks the centre of mass
of the granular ensemble. The equation is both a conservation
(of air) and an evolution (centre-of-mass) equation. A criti-
cal discussion on the approach of modelling the acceleration
of the bed-normal expansion of the core’s centre of mass di-
rectly on the bed-normal component of gravity can be found
in Issler et al. (2018). D(x, y, t) is found by linking the mass
and momentum equations to a balance equation for the fluc-
tuation energy (granular temperature) Ro; see Haff (1983),
Jenkins and Savage (1983), Hutter et al. (1987), Jenkins and
Mancini (1987), and Buser and Bartelt (2009) (for more de-
tails see Sect. B).

0y (}Alquq:.) +V. </:\1¢Rq>u¢) = Olq;ch
— Ho.nRo — BohoRe +€opsly 0. 9)

The fluctuation energy R¢ is associated with random and dis-
persive particle movements in the flowing granular ensemble.
It is produced by shearing Wo (parameter og) and decaying
by collisions/rubbing (parameter Bo) (see Haff, 1983; Jenk-
ins and Savage, 1983; Bartelt et al., 2006). These parameters
are temperature dependent. Due to limited data between cold
(entrained snow colder than —1°C) and warm (entrained
snow warmer than —1 °C) avalanches (Kohler et al., 2018),
a constant « of 0.07 is assumed for cold avalanches and 0.05
for warm avalanches. The calibrated curve for § is shown
in Fig. Al in Appendix A. Random particle movements are
likewise produced during the entrainment process at the rate
Ly .0 = 1/2[-]; ué. The parameter €¢ defines the linear
partitioning of the energy dissipated during the entrainment
process that is converted into heat (see Bartelt et al., 2018).
The counterpart to the macroscopic random fluctuations is
identified as another form of stochastic energy, denoted as
the internal energy Eg, which is the complementary part of
the macroscopic random fluctuations:

9 (hoEe) +V - (ho Eoue) =[1 —ae]Wo — Hon

E¢ + BohoRe +[1 —eolpsLy o + prexTs
Hy ¢ — Om—qo-A. (10)

The model therefore predicts the mean avalanche temper-
ature Tgp which is related to the internal energy E¢ =
poceoTe, where co is the specific heat capacity of snow at
the density pg, and Om is a heat flux. We assume frictional
heating processes due to shearing and rubbing between the
particles. More details on the implementation of the melting
process can be found in Vera Valero et al. (2018) and Zhuang
et al. (2023a).
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3.2 Flow friction

The inclusion of the state variables (R¢, T¢) allows us to
define a process-based frictional resistance for the avalanche
core ® which is governed by material constants (Table 2).
We apply a modified Voellmy-type friction law for flowing
snow,

So(Rep) =puoRoNo + (1 — woRe)No

N usll?
[1_exp<_7®)}+p gll oll
0

® ,
(o Ro

where Ng is the basal normal stress, 1o (Re) the Coulomb
friction coefficient, £¢ (R ) the velocity-dependent Coulomb
friction coefficient and Ny the so-called cohesion (Bartelt
et al., 2015b). This empirical formulation was calibrated
based on chute experiments with flowing snow (Platzer et al.,
2007b, a; Bartelt et al., 2015b). When Ny = 0, the for-
mula reduces to the traditional Voellmy friction law (Salm,
1993). The formula therefore allows us to exploit, if neces-
sary, the long historical knowledge and well-calibrated sets
of Voellmy parameters used by practitioners; see Salm et al.
(1990).

The same experiments with flowing snow reveal a strong
frictional hysteresis between the front and tail of the flow, in-
dicating a process or flow-dependent relation (Platzer et al.,
2007b). Avalanche flow structure, now readily observed in
field experiments (Sovilla et al., 2008), is likewise con-
trolled by the frictional hysteresis between front and tail.
Moreover, flow resistance at the front of the avalanche dif-
fers from the friction at the avalanche tail (Bartelt et al.,
2007, 2012). This has significance for the determination of
the frictional constants. We note that when Ry = 0 we have
the co-volume or non-dispersive (dense, plug, tail) friction
values o = o (Re = 0) and &y = £¢ (Re = 0). The friction
is lower at the avalanche front because of the larger random
kinetic energy:

Y

Ro Ro
M¢(R¢)=MOCXP|:—E] §¢(R¢)=Eoexp[£i|, (12)

where Ag is the so-called activation energy (Bartelt et al.,
2012). In this model, the avalanche front dynamics, responsi-
ble for the formation of the powder cloud, are mathematically
represented as the region of the avalanche with higher fluc-
tuation energies R¢. The parameters (o, &y, Ag) are found
via experiments but, more importantly, by back-calculation
of measured avalanche deposits (Bartelt et al., 2012). The
spatial distribution of avalanche deposits in the field provides
the additional needed information to determine friction pa-
rameters. For example, they can be immediately estimated in
the field by noting the steepest slope { with avalanche snow
tan(y) & o, as deposition begins when Rgp — 0. The loca-
tion of the frontal deposits (runout) and the terminal velocity
of the avalanche are necessary to calibrate &) and the acti-
vation energy Ag. Table 2 lists the recommended frictional
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values we take for avalanching after 3 d of new snowfall ac-
cumulations.

For our present purposes to investigate cold, mixed flow-
ing avalanches appearing after new snowfall periods, we
will take the model parameters (o, &0, No, Agp, @) tO
be temperature-independent constants (Table 2). The only
temperature-dependent parameter will be the decay of fluc-
tuation energy Bo(Te) with Te (given in K). With the arct-
angent relationship, we model it as

1.6
Bo(Te) = 1.40 + — arctan(1.6(Tep — 271.5°K)) (13)
T

to ensure that the decay coefficient is within the range
0.6/s < Bo < 2.0/s. As the inverse of B¢ physically repre-
sents the lifetime of the fluctuation energy Rg, it is linked to
the onset of deposition and the flow structure of the avalanche
(formation of the avalanche tail). It can therefore be de-
termined by measuring the distribution of deposits in the
avalanche runout zone (Bartelt et al., 2012). The lifetime of
the fluctuation energy decreases as the avalanche tempera-
ture increases; it is approximately 4 times longer in a cold
avalanche than a warm avalanche. This ensures that warm,
moist avalanches have plug-like flow regimes (Kohler et al.,
2018).

Finally, we presently do not consider the influence of gen-
erated meltwater on the frictional constants, assuming that
the snow temperature remains below the melting temperature
of ice.

3.3 Powder cloud I1

A comparable set of partial differential equations is proposed
to model the powder cloud I1. The powder cloud is simulated
by equations governing mass (Egs. 14 and 15) and momen-
tum balance (Eq. 16), along with supplementary equations
related to the generation and dissipation of turbulent fluctua-
tions (Eq. 17):

dhn+V - (hnun) = Ho—n. (14)
3zhn+V-(hnun)=HAan+piA:ﬁi Ho 1. s5)
i
3 (hnum) +V - (flnun ®un +Pnﬂ> = ,51'115;1_[/)1\
+GhnHentte — —2— 81— 22y nuy, (16)
lenl| o

9 (hnRm) +V - (hnRnun) = Wn + Ho— 11 Re

+ %pAHAﬁnnunnz — BhnRn. an

The initial cloud height is denoted as hr with the corre-
sponding initial cloud density, o1, representing the cloud
state before the expulsion from the core. The variable Ay
denotes the actual cloud height which results from dust—air
mixture expelled from the core Hq>_>1'[ and air entrainment
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H A—T11- The cloud density decreases due to air entrainment
denoted by pr. The actual cloud density must fulfil the fol-

¢iill'[ hn o
hn+¢ihn oA PR where p; =
917kgm™3 is the ice density, py = 1.225kgm™2 is the air

density and ¢; = % represents the ice fraction in the ini-

lowing relation: pr = p;

tial cloud. The denéity of air varies with changes in tempera-
ture, pressure and humidity, but this variation has a negligible
effect on the simulation. Therefore, we have chosen to keep
the value fixed. The cloud is propelled by the momentum im-
parted from the core Ho_, e and gravity ”“p;np"Gn. Gen-

erally, we observe Ho_ g > 2 “ﬁ_np A Ghyy. We neglect the
gravitational component even if we agree that Ghi can be-
come significant for a large powder cloud. This simplifica-
tion remains valid as long as the dense core and the suspen-
sion layer move together. However, once the core comes to a
stop and the cloud ascends a counterslope, the gravitational
term will once again become more significant, as discussed
in Issler et al. (2018). Additionally, it is important to note
that the mass flow between the cloud and core is assumed to
be unidirectional. Consequently, the vertical expansion of the
core, driven by increased granular temperature, prevents the
formation of a vacuum within the core. As a result, a portion
of the air-snow mixture from the cloud is drawn back into
the core (Vicari and Issler, 2025).

The turbulence in the cloud due to the fluctuation energy
is described by Eq. (17). The structure of the equation is
based on earlier one-layer 3D models (Hermann et al., 1994;
Gauer, 1995; Sampl and Zwinger, 2004). The fluctuation en-
ergy is produced by three sources (Eq. 17): internal shear-
ing W = [,51-[ Sn] |lur|, fluctuation energy transferred from
the core H¢_>HR¢ and air entrainment %pA HA_>nu12-[. Bn
is the parameter that controls the decay of turbulence and,
therefore, the lifetime of the fluctuation energy — ﬂnfln R1.
The pressure pp includes both the hydrostatic and turbulent
parts. More details of the powder model equations, includ-
ing the entrainment function HA_m, friction Sty and tur-
bulence parameters is contained in the publication (Zhuang
et al., 2023b) and in Appendix B. The air entrainment func-
tion and friction are calibrated based on observed avalanches
in VdIS and shown in Appendix B.

In the cloud, we assume inelastic collisions between par-
ticles, such that all energy is converted into random motion,
with no energy dissipated as heat, as a simplification. Hence,
the constant ey is set at 1.

3.4 Entrainment

Entrainment in the extended model equations is treated
as a plastic collision between the avalanche core and the
snow cover (Bartelt et al., 2018). We initially define the snow
volume per unit footprint area and unit time, which results in
a velocity Hy that is affected by the passage of the avalanche
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Table 2. Overview of the fixed parameters in RAMMS::EXTENDED with the corresponding publications where the calibrations are de-

scribed in more detail.

Model
parameter

Snow
property

Definition

Comment or
how to determine

Thermodynamic
constraint

) Coulomb friction no = 0.55

Controls runout
Onset deposition
Chute experiments
Field observations
Platzer et al. (2007b)

mo >0

& Velocity-dependent
friction (m s_z)

£y = 1800

& >0 Controls velocit

0 y
Field experiments
Bartelt et al. (2012),

Zhuang et al. (2023b)

Ny Cohesion
(Pa)

No = 200

Controls runout
Chute experiments
Bartelt et al. (2015b)

No=>0

Ao Activation energy
&J)

Ap =2

Ap >0 Controls spatial distribution
of avalanche deposits

Bartelt et al. (2012)

oap Generation Ry

©)

ag =0.07

O<ap =<1 Controls flow density (front)
Controls avalanche length
Powder cloud formation
Powder cloud height

Dreier et al. (2016),

Zhuang et al. (2023b)

Bo Decay Ro Ba(Te)
) Eq. (13)

Bo >0 Controls flow density (front)
Controls avalanche structure
Tail formation

Controls spatial distribution
of avalanche deposits

Bartelt et al. (2012)

core:

] Pz
Hy = ks —||luoll. (18)
o

We represent this interaction rate as proportional to the
avalanche speed ||lug]||, as it determines the distance the
avalanche travels during the interaction time. Avalanches
moving at higher speeds cover more ground, leading to an
increase in the amount of snow-cover mass affected by the
avalanche. In this model, even very thin avalanches could
potentially erode the same amount of snow as a thick one
(Issler et al., 2024). To prevent this, a shear stress cutoff is
implemented, ensuring that an avalanche must exceed a cer-
tain energy threshold before it can erode snow.

We define the erodibility coefficient as the dimensionless
parameter «. Essentially, x determines the ratio of erosion
speed of the erosion front in the snow cover in direction nor-
mal to the terrain relative to the flow velocity. Low « values
indicate that only the surface of the snow cover is affected
by the avalanche passage (basal erosion), while, conversely,

Nat. Hazards Earth Syst. Sci., 25, 2399-2419, 2025

high values of k indicate that the core affects the entire depth
of the snow cover (frontal erosion). The value of k can be
adjusted to incorporate an internal friction coefficient of the
snow uyp. Defining g to be the slope parallel acceleration and
g as the slope normal acceleration, we modify « to be

K,/

K =—[gs — mbgz] . where k >0 always. (19)

This model provided good results, even though we recog-
nize the limitation of no entrainment below a limiting slope
angle for cases as in flat terrain, in level terrain or on coun-
terslopes. The avalanche observed in a VdIS avalanche on
10 February 1999 (Gruber and Margreth, 2001) shows, for
example, a case where an avalanche eroded snow in a flatter
part. For 3d accumulation periods with new snow, we take
' =0.015 and up =~ 0. These values ensure that on steep
slopes with high avalanche velocities we model frontal en-
trainment, whereas on more gentle slopes and at lower speeds
the avalanche enters a mode of basal erosion. The bonding
strength model is motivated by observations of eroded seg-
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ments in avalanche tracks. On track segments where there
are no depositions, it can be ascertained that erosion has oc-
curred. In this case, the parameter u, must be smaller than
the tangent of the slope angle.

Presently, Hs represents the change in snow-cover mass
due to the avalanche core — not the total amount of snow
taken in by the avalanche. We now partition the affected
mass into two parts: a part of mass which is entrained by
the avalanche and a part of mass which is not entrained, i.e.
possibly splashed in front of the core to build a pre-front or
frontal saltation layer I'":

Hs = Hy ¢ + Hs 1. (20)

The mass flux I:IE_>¢ represents the snow-cover mass that
is accelerated to the avalanche velocity and can be found on
the right-hand side of model equations (Eqgs. 6 and 8). We ap-
ply a partitioning parameter y to separate the entrained/non-
entrained fractions of the snow cover:

Hy .r=yHs Hy.o=(-y)Hs. (21
The parameter y, which we term the splashing parameter,
could also represent the non-entrained mass in the disrupted
snow cover that is simply accelerated by the passage of the
avalanche front. Different snow covers will be governed by
different entrainment parameters (k’, iy, ). For 3d of new
snow accumulation periods, we take y = 0.2 as a simplifica-
tion. For moist avalanches, this value goes to zero.

4 Results and discussion

In the following, we present the results of the sensitivity anal-
ysis on model input parameters. We delve deeper into the
mathematical model’s representation of the effects of snow
temperature and erosion (Sect. 4.1), release-zone properties
(Sect. 4.2) and friction parameters (Sect. 4.3). We conclude
with a comparison to the measured avalanches (Sect. 4.4).
All other system parameters were calibrated based on obser-
vations of avalanches in VdIS as presented in Sect. 3. As a
base, we used the model parameters shown in Table 2.

4.1 Snow temperature and erodible snow depth

In most avalanching situations, alpine snow is within a
few degrees of its phase transition point (7 = 0°C). The
physical properties of flowing snow undergo rapid transfor-
mations as temperatures edge towards the melting thresh-
old. In the model equations, the temperature dependence is
contained in the decay parameter of granular temperature
B (Eq. 13), which describes the decay of the random ki-
netic energy (granular temperature) and therefore the dis-
persion of the snow granules. The parameter is set such that
colder avalanches exhibit the tendency to form mixed flowing
avalanches (Bartelt et al., 2012), while warmer avalanches
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will exhibit more plug-type flows (Li et al., 2021). By defin-
ing the avalanche release temperature, not only do we set
the initial thermal energy, but we also dictate the predispo-
sition of the avalanching snow towards dry, mixed flowing
avalanche or moist flow regimes.

In a first series of numerical experiments, we applied the
model to an idealized slope (Fig. 4). The slope inclination
was set to approximate the Briamabiihl slopes under investi-
gation. In this way, secondary terrain features inducing flow
channels and secondary flow fingers could be removed from
the analysis and model performance gauged in idealized con-
ditions. We varied release temperatures from extremely cold
temperatures to the melting point (—20°C < Ty <0°C).

In the first simulations, we included no entrainment,
d; =0, meaning no additional snow was eroded by the
avalanche. We calculated the runout distance according to
our post-processing procedure of minimum heights and ve-
locities (green dots, Fig. 8a). In this case, the runout dis-
tances remained constant over a wide temperature range
(=20°C<Tp <—8°C). At higher temperatures the decay
parameter of granular temperature increases, with the re-
sulting effect of reduced fluidization and shorter runout dis-
tances.

By incorporating erosion in our simulations, we add en-
trained mass to the flowing avalanches, and their responses
become more intricate. In a subsequent series of simula-
tions, we assume a deep snow cover, dg =1.9m, with a
small snow-depth gradient VD = 1m/100m and tempera-
ture gradients VT = 0.01 °C/100 m (blue dots, Fig, 8 b). At
extremely cold temperatures of —20°C < Ty < —13°C, the
calculated runout distances are independent of 7. We assume
the reason for this behaviour is the decay parameter of gran-
ular temperature . For very cold avalanches, the formation
of the powder cloud dominates, extracting mass and energy
from the core and ultimately leading to dispersion and dissi-
pation of the avalanche. As the temperatures increase, an op-
timal balance between the core and cloud emerges, yielding
far-reaching flows. With the specification of more realistic
release temperatures, 7 > —13 °C, the runout distances in-
crease. This phenomenon underscores the counteracting ef-
fects of frictional heating (rise in temperature) and the en-
trainment of cold snow (fall in temperature). The avalanche
temperature remains lower for longer, fostering long-lasting
fluidized regimes and more potent powder avalanches. The
model predicts that the entrainment of cold snow at lower
elevations sustains the fluidized regime and the formation
of powder avalanches. However, the runout distances de-
crease again with higher release and entrainment tempera-
tures, Top > —8 °C (Fig. 8b). At higher temperatures, the de-
cay of fluctuation energy increases, leading to dense, less flu-
idized flows and therefore an increase in friction which curbs
runout distances. It becomes evident that the temperature-
dependent decay parameter of granular temperature, (7o),
controls the flow regime of the simulated avalanches with
and without entrainment.

Nat. Hazards Earth Syst. Sci., 25, 2399-2419, 2025



2410

(a) 1700
L
1600 3 s <3
— 1500 1 ° e *e 33
E .
g 1400 2
§ 1300
] .
3 1200 »
5 °
3 1100
2 1000 1 e AD= 0.00 m/100m
AD = 0.05 m/100m
900 -
AD = 0.10 m/100m

0 T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 150 1.75 2.00
Maximum Erosion Depth [m]

J. Glaus et al.: Daily snowpack and weather situations

(b) 2000 4
1750
E 1500
3
S 1250
]
2 1000
o
5 750
[=}
[
& 500 z
dg =0.0m
250:1 di =1.85m
ol . : . ;
-20 -15 -10 -5 0

Release Temperature [°C]

Figure 8. Simulation of runout distance of an avalanche on an idealized plane. (a) Variation of maximum erosion depth for different erosion
gradients. (b) Variation of release temperatures. Simulation points for release temperatures near the melting point should be interpreted with

caution, as the simulation tool is not yet well calibrated for this range.

In the next series of simulations on the idealized slope,
we vary the snow height gradient VD =0.0, 0.05 and
0.10m/100 m; the release temperature remains set at 7Ty =
—6°C, and the temperature gradient is zero, i.e. VT =0.
Less snow is subsequently encountered by the avalanche
at lower elevations and into the runout zone. We perform
simulations with different values of snow heights, 0.0 m <
dg < 2.0m. This situation mirrors actual snow conditions in
road safety applications, and there is a large uncertainty in the
snow distribution. We simulate the effect of entrained snow
of different height gradients for shallow and deep snow cov-
ers. The results indicate that for shallow snow covers (a’ak <
1.0m) the different gradients produced large differences in
avalanche runout (Fig. 8a). Avalanches that encounter snow
along the entire track (VD = 0.0m/100 m) run longer than
those that encounter regions of no snow in the runout zone.
This result corresponds well with the experience that a deep
snow cover from initiation to runout is needed for extreme
avalanche events, especially powder snow avalanches. For
the case of d; > 1.0 m, the gradients appear to have no influ-
ence on the avalanche runout; the snow is so deep that even a
strong gradient still does not entirely remove the snow cover
for this parameter set.

Next, we investigated the effects of elevational snow
temperature gradients in Fig. 9. We show the decrease in
avalanche runout for variable temperature gradients VT as
we simulated it on the idealized slope. The colours in each
panel depict the core temperature at various time steps
throughout the avalanche flow. The analysis is done for dif-
ferent release temperatures. The results indicate the reduction
in avalanche runout as a cold avalanche runs into a warm
snow cover. The colder the initial temperature, the smaller
the reduction. The results underscore the complex interplay
between initial release conditions, the process of entrainment
and the responding avalanche temperature.

The simulations on the idealized slope are useful because
they highlight how the various snow parameters play an
integral role for the avalanche outcome without localized
terrain effects. On an actual slope the snow-cover height
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is given not only by the elevation gradient VD but also
by the local slope inclination. The simulated evolution of
avalanche temperature over time for the Riichi path is de-
picted in Fig. 10. The initial temperatures are specified us-
ing the weather station and snow-pit data. This figure dis-
plays the calculated mean avalanche temperature T of the
avalanche core, which increases by 6 °C from T = —8 °C
to T = —2 °C in the runout zone. The calculated avalanche
temperature results from the competition between frictional
heating (avalanche velocity and therefore terrain) and intake
of cold snow (Valero et al., 2015). The model equations as-
sume that the entrained snow mixes with the avalanche snow
instantaneously, producing a new mean temperature. In re-
ality, the energy exchange between the avalanche snow and
the entrained snow will happen fast but takes some time,
as shown in Kohler et al. (2018). Temperature variations
will exist in the avalanche; heat concentrations will most
likely exist on the surface of the granules, while the inte-
rior of the granules remains cold (Jomelli and Bertran, 2004;
Steinkogler et al., 2015).

4.2 Release zone

In this section, we investigate how the shape and location
of the defined release zone influence avalanche simulations
by varying the length and steepness of the release zone. We
conduct our simulations on the idealized slope, as shown in
Fig. 4, but with an infinite runout of 28° slope to remove
the influence of the flat runout zone. For all simulations, we
used the parameter set for the Riichi avalanche as described
in Table 1.

We used an idealized version of the Riichi release zone
which is a square with a width of 120m and a length in
the flow direction of 75 m. We varied the length up to 2.5
times the width to stay in the ratio of avalanche width com-
pared to length proposed by the Swiss guidelines and the re-
lease shape proposed by McClung (2009). The release zones
have an average release angle of 35°. As the release volume
increases, RAMMS proposes a different volume-dependent
friction parameter set for 1 and £. As we want to analyse
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Figure 9. Simulation of avalanche runout on the idealized slope with and without erosion. We consider three initial temperatures of (a) 7o =
—6°C, (b) Tp = —9°C and (¢) Ty = —12 °C for 21 different temperature gradients, VT'. The colours on the bars depict the snow temperature

varying from cold (blue) to warm (green).

RAMMS with its proposed calibration, we plot the values
with the proposed friction values according to the release vol-
ume and do not hold them constant. By increasing the release
length, we automatically increase the release volume, and the
avalanche starts with a higher potential energy (see Fig. 11).
The simulations show that we get longer avalanches with an
increased release zone length.

For the variation in release angle, we used the same re-
lease zone throughout. In RAMMS::EXTENDED, the re-
lease zone is defined by its projected area, meaning that the
actual release area becomes slightly larger as the release an-
gle increases. Figure 11 shows that the runout distance in-
creases almost linearly with an increase in release angle.
Avalanches initiating at lower release angles show a powder
cloud that is shorter in length compared to the core. Con-
versely, at release angles exceeding 48°, the powder cloud
can achieve greater acceleration, flowing further than the
core. On real terrain, the terrain roughness (caused by, for
example, vegetation and rocks) would strongly decelerate the
avalanche core and reduce its runout distance.

4.3 Friction parameters ug, & and Ny

In the preceding section, all calculations were performed
with constant friction and process parameters (see Table 2)
representing avalanche situations governed by periods of
new snowfall. The simulation results indicate that given an
initial release location, mass and temperature, the calcu-
lated terminal velocity and avalanche runout are governed

https://doi.org/10.5194/nhess-25-2399-2025

by snow-cover disposition and temperature. Traditionally,
runout and velocity are reproduced in avalanche dynamics
calculations by changing the values of the friction param-
eters from avalanche to avalanche, creating an envelope of
extreme values (Gruber and Bartelt, 2007). Here, we do not
adopt this approach. Friction parameters change dynamically
as a function of temperature according to the following pro-
cess chain:

Ty (t) = Ro(t) — Voellmy parameters (), £(¢). 22)

This chain of relations indicates that the temperature of snow
influences the mean fluctuation energy (via the decay param-
eter B(Te)), which controls the dispersion of snow granules
and therefore the avalanche flow regime. This fluctuation en-
ergy, being a stochastic variable, signifies the inherent ran-
domness in the movement of all granules within the flow-
ing snow ensemble. The momentary state of friction is in-
fluenced by this fluctuation energy. Thus, the basic model as-
sumption is that the temperature of snow governs the stochas-
tic dynamics of its granular ensemble, ultimately impact-
ing frictional behaviour. The grain flow process parameters
controlling the relationship between Rg (¢) and flow friction
(avalanche deposition) have been identified by Bartelt et al.
(2012) in the analysis of experimental data from the test site
Vallée de la Sionne.

It is now necessary to validate this approach using the
Brémabiihl avalanches using in situ information of snow dis-
tribution and weather station records. For this, the initial val-
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release volume is represented in grey.

ues of the friction parameters (o and &y were varied to iden-
tify the combination which results in the measured avalanche
runout distance. This was also done for different cohesion
values. The results are depicted in Fig. 12. For some cohe-
sion values, the measured runout distance could not be re-
produced. Therefore, we restricted the investigated cohesion
values to the range obtained from measurements conducted
in snow chutes (Bartelt et al., 2012).

We used the observed runout distance to determine the
optimal friction parameters. We find that the best fit of all

Nat. Hazards Earth Syst. Sci., 25, 2399-2419, 2025

three Bramabiihl avalanche runout distances is provided by
friction values of 0.50 < g < 0.55 and 1750ms™2 < & <
2200ms~2. This is in good agreement with values found
in VdIS calibrations (Bartelt et al., 2012). The range of &
could be reduced by knowing the avalanche core velocity. In
Fig. 12, the Riichi path exhibits the most symmetric pattern
in terms of friction values. This is attributed to the fact that
the Riichi path features a straightforward avalanche outline
without any flow fingers.
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Figure 12. Simulation of the Riichi avalanche. (a) Different friction values and a cohesion of Ny = 150 Pa. The measured runout length of
1545 m +£5 % error (over and underprediction of the avalanche runout) is marked by the red rectangle. The best-fit parameters are near the
recommended values in Table 2. (b) Evolution of avalanche volume along the Riichi path from the simulation.
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Figure 13. Comparison of the measured outlines of the Bramabiihl
avalanches with the model results using the measured snow-cover
height and temperature data (map source: Federal Office of Topog-
raphy).

4.4 Comparison to measured avalanches

Photogrammetric data collected with the drone provided
important information on the lateral flow width of the
avalanche, the avalanche volume, and the height and travel
distance of the powder cloud.

Figure 13 depicts the calculated extent of the model
avalanches in comparison to the measured outlines. The rela-
tively good agreement between the calculated and measured
avalanche flow widths is particularly significant.

Each avalanche was accompanied by a powder cloud that
ran up the counterslope (Fig. 14). The calculated powder
cloud widths are in good agreement with the observations.
By comparing the photographs of the fully developed pow-
der cloud with the tree heights known from a lidar-based veg-
etation height model and by knowing that maximum pow-
der cloud pressures on the road never exceeded 5kPa (as
houses and windows remained undamaged), we estimate that
the maximum powder cloud heights reached up to 40 m. In
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Table 3. Comparison of the computed powder cloud front velocity
with the simulated velocity for the example of the Riichi avalanche.
The purpose of this comparison is to verify that the results fall
within a reasonable range rather than to suggest that the simulation
accurately resolves velocity at such a detailed level.

Section between

two images Measured ~ Simulated
from Fig. 2 Velocity Velocity
Pictures 1-2 32ms~! 35ms™!
Pictures 2-3 23ms~! 36ms~!
Pictures 34 30ms~! 38ms!
Pictures 4-5 14ms™! 28ms~!
Pictures 5-6 10ms™! 24ms~!

the simulation, the powder cloud reaches a maximum height
of 50m already in the very first 100 m of elevation drop,
which surpasses expected real-world values. Regions of iso-
lated tree damage by the powder cloud are reproduced by the
model. Additionally, comparing the estimated powder cloud
velocities (Fig. 2) for the Riichi and Chaiseren paths in the
runout zones shows that they are in the same range as the av-
erage velocity of the front of the powder cloud between the
pictures resulting from the simulation as shown in Table 3.
The simulated velocity consistently overestimates the mea-
sured powder cloud front velocity, and the deceleration of
the powder cloud is not accurately captured.

In Fig. 15, we compare the snow height in the deposition
zone of the Riichi path to the simulated deposition height.
In the deposition area, on the right side in the flow direc-
tion of the avalanche, a higher deposition pile has formed,
which is also evident in the simulation. Photogrammetric
snow-depth mapping with the drone revealed that the to-
tal snow volume present in the area overflowed by the
avalanche in Fig. 15 was approximately 155000m>. The
simulated deposition in the same area was only approxi-
mately 30000 m>. The drone measurements assess the total

Nat. Hazards Earth Syst. Sci., 25, 2399-2419, 2025
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Figure 14. Photo of the cloud taken from the helicopter of the Riichi avalanche and the simulation results from the back-calculation, showing
the maximum cloud height, pressure, velocity and density. All values shown are maximum values per pixel (map source: Federal Office of

Topography).

volume of snow present at acquisition time. As the avalanche
ran on an already present snow cover of approximately 1 m
(measured next to the avalanche deposit), we need to sub-
tract an estimation of the compressed old snow in the depo-
sition zone. We estimate an additional volume of approxi-
mately 100000 m®. Furthermore, a large portion of the depo-
sition in the simulated avalanche is already deposited further
up in the avalanche track, and the front stopped just outside
the mapped avalanche outline and is therefore not taken into
account for the volume calculation. Additionally, the trees
along the avalanche path cause shading effects that lead to
gaps in the snow height measurements. Qualitatively, the de-
posits simulated in the upper part of the track are also present
in the drone measurements and the simulations at similar lo-
cations (Fig. 13) and show similar deposition heights.

The drone orthophoto of the Chaiseren avalanche track
showed that its snowpack had been scoured by wind, re-
sulting in less accumulated snow than was calculated by the
snow gradients used in our simulations. Therefore, the initial
snow mass is overestimated in this simulation.

Nat. Hazards Earth Syst. Sci., 25, 2399-2419, 2025

5 Conclusions

For road safety managers, it is essential to know, based on
near real-time weather and snowpack information, whether
an avalanche could reach the road and a road closure is
warranted. With the goal to better support their decision-
making process, we tested an approach where we adopted
a numerical model (RAMMS::EXTENDED) to investigate
the sensitivity of the model predictions to various snow pa-
rameters that can be measured in the field, such as, release
zone location and length, release temperature, and gradi-
ents for snow temperature and snow height on the path, as
well as the avalanche response to changes in these parame-
ters. The study presented herein was based on an avalanche
cycle from the Dischma valley, Switzerland, in 2019 that
caused several avalanches to cover the road during a post-
storm cold spell. These avalanches were well documented
and could therefore be used for avalanche back-calculations.
For the purpose of this study, we only simulated cold-powder
avalanches; both the core and the powder cloud of these
mixed avalanches could pose a hazard to cars and people.
The sensitivity analysis was mainly based on simulations on
an idealized plane, resembling the topographic profile of the
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Figure 15. Comparison of the deposition area of the core measured from the drone data (a) and the modelled deposition (b) (map source:

Federal Office of Topography).

Riichi avalanche path. The influence of terrain effects, e.g.
friction parameters in the model, was investigated in a second
phase of the analysis where we reconstructed the avalanche
events on Wildi, Riichi and Chaiseren paths that took place
in 2019 and compared the simulated results to drone obser-
vations. In our simulations, we incorporated snow entrain-
ment by varying the snow characteristics on the path, mainly
snow height and temperature; we demonstrated the complex
relationships between initial snow conditions (volume and
temperature); the various processes that take place during
avalanche flow (frictional heating, entrainment, etc.); and the
resulting flow behaviour, for which runout length and impact
pressure are of highest concern for road safety managers.
We also demonstrate how various flow regimes may develop
and how some interesting flow behaviours may be expressed,
based on changes in the snowpack on the path.

The applied model continues to utilize a Voellmy-based
frictional approach as in the well-established models applied
for hazard mapping. However, the friction coefficients are
now dynamically calculated and are affected by terrain and
snowpack variables, which differ considerably between dif-
ferent avalanche tracks and avalanche periods. To set up the
simulations, we applied snowpack parameters measured at
nearby automated weather stations and snow profiles. Fur-
ther, we utilized photogrammetrically measured snow-depth
distributions acquired by drones that were able to capture the
extreme spatial variability of snow-depth distribution in our
avalanche paths of interest.

The results indicate that we can use measurements from
weather stations at different altitudes and locations to calcu-
late the snow-cover distribution and snow temperature gra-
dient and let those inform our model to simulate realistic
avalanches. Choosing weather stations from a nearby val-
ley (approximately 3 km distance) showed acceptable results
with a coefficient of variation below 5 %. Comparing the
modelled avalanche outlines to the observed ones, it is visible
how the model represents important features such as the evo-
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lution of fingers, indicating zones with higher impact pres-
sures or the development of the powder cloud.

The analysis presented in this publication used version
2.8.28 of RAMMS::EXTENDED. As the model will be de-
veloped and calibrated further, the presented parameter set
must be treated as provisional and can only be applied to this
version. For more current versions, the publication by Stoffel
et al. (2024) will give more insights.

The presented approach will now be applied to calculate
avalanche runout for different representative weather and
snowpack scenarios for the Dischma road. These results will
then be evaluated by local experts, and the applicability of
this approach for future decision-making will be assessed.
A probabilistic approach is currently being tested to calcu-
late reach probabilities to the road for specific avalanche
tracks. These are important steps towards a more data-based
decision-making for road management in mountain regions.
In the future, this concept could also be applied to assess ad-
ditional areas which are endangered by avalanches, such as
houses built in hazard zones and ski slopes.

6 Outlook

Building on the foundations of this project, we aim to de-
velop a tool that integrates real-time data with numerical sim-
ulations to predict the daily avalanche runout distance. To
achieve this objective, the following directions can be pur-
sued in future work.

As nearby and representative weather station measure-
ments are not accessible for many roads, in a next step snow-
cover models such as SNOWPACK (Lehning et al., 1999)
and CROCUS (Vionnet et al., 2012) could be used to cal-
culate the relevant input parameters. For rough estimations
of the snow temperature, it would be necessary to compare
the cloud coverage during the hours before the avalanche oc-
curred to the average temperature of the release snow mass.
As the runout distance is not too sensitive to the snow temper-
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ature, a first approach could be to define simulation scenarios
of cold and warm temperatures depending on the cloud cov-
erage.

To enable the model to simulate additional wet-snow
avalanches, we need to collect more avalanche data that
are directly related to measured snowpack temperature and
moisture content.

In the current project, we worked with release zones that
we inferred from the drone data. In practice, we would addi-
tionally need to make an expert guess on where the potential
release areas could be. This is an important source of uncer-
tainty. A first approach could be to use automatically delin-
eated release areas as proposed by Biihler et al. (2022) and
Issler et al. (2023).

To advance the development of a practical tool, additional
factors beyond avalanche runout distance must be consid-
ered. First, the system should incorporate the probability of
avalanche release under daily conditions, with an initial ap-
proach being to integrate the avalanche danger level into the
calculations. Second, our analysis highlights the significant
influence of snow entrainment on avalanche dynamics. Ob-
servations from past avalanche events (Issler, 2020) indicate
that accurately estimating the potential erodible snow is es-
sential. In a simplified model, erodible snow height could be
approximated by identifying weak layers in the SNOWPACK
model.

Furthermore, a method for displaying relevant data to ex-
perts must be designed. Key questions will arise, such as how
to establish thresholds for acceptable powder cloud pressure
or snow depth on roads, as well as the acceptable probability
levels for road openings.

Appendix A: Snow-pit data

3
Tkgim]
-200

Snow Height [cm]
Snow Height [cm]

Figure A1l. Snow-pit data for the stations at Weissfluhjoch (a) and
at SLF Davos (b) (Source: https://whiterisk.chproducedbySLF, last
access: 26 March 2025).
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Appendix B: Closure relations

In this section, we show the closure relations which result
from calibrations based on data from Vallée de la Sionne.
We want to point out that these relations represent the best fit
with the data we have measured so far.

Decay constant

1.6
B =140+ — -arctan[1.6 (Tp —271.5K)] (B1)
T

Entrainment

The snow erosion rate is parameterized as follows:
Hy = kokrky || Us |,

with the parameters defined as,

ko = 0.005, (B2)
k7 =3.00 —0.6366 - arctan [0.8Tx, — 213.6K], (B3)
ky =sin(y) — tan(6p) - cos(¥), (B4)
_2

—(Tyg —266 K)2 r2e 2.2
e=f(Tx)g(r) = [ez L } | (BS)
withr =2 anda = 1.1,

x

Air into cloud
Hoop = (1.16¢ +0.013v/ Ruhn ) (o — pa) (B6)
Powder cloud drag
S =0.1 [ tamitrs +0.08 1 Rt | (B7)
fiam = —0.22 4 0.28d sy, (BS)
furb = 0.02 + 0.035rag. (B9)

The range of powder cloud drag depends on mean speed and
total turbulent energy. A lower decay number, By, results in
higher drag and a narrower cloud flow, while a higher Bp
leads to lower drag and wider flow.

Dispersive pressure

Dispersive pressure (Bagnold, 1954) arises in dense snow
avalanches and other dry, granular-type debris flows due to
shear deformation in granular material (Buser and Bartelt,
2011).

It causes the core height £, to increase and shifts the centre
of mass k_:

k, = —=. (B10)
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RAMMS::EXTENDED models this with the following
equations:

D(t,hy, bz hy) =ho(hs, bz, hs), (B11)
h. . (h: h;

(5) +ov(Fue) =3 ®12)
h, ([ h: W, h, h./2

= div| == =—— — . BI13
(2>,+”<2”“’> Ho [8“2 PP

Here, uo is the average core velocity, W, is the shearing
work rate in the z direction and Mg is the core mass. The
equations are solved using a Harten—Lax—van Leer (HLL) fi-
nite volume scheme (Christen et al., 2010).

Data availability. The post-processing tool and the data for the
mapped avalanche outlines are available on GitHub and EnviDat
https://doi.org/10.5281/zenodo.15796702 (Glaus, 2025).
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