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Abstract

The thickness integrated dense flow avalanche simulation module com1DFA of the
open source framework AvaFrame is used for snow avalanche simulations with ap-
plication in hazard mapping for different mountainous areas. Despite an important
amount of software and model improvements in the last years, assessing the simu-
lation results with experimental data has remained challenging due to the lack of
consistent methods for recording the internal flow dynamics of the avalanche. How-
ever, the development of in-flow particle sensors (AvaNodes) and the corresponding
measurement campaigns have contributed to fill this gap. Field experiments carried
out at the Nordkette ski resort in Austria have provided cutting edge data from
the inside of small to medium size avalanches. From the simulation perspective,
we use numerical particles to study the avalanche simulation results. In this work,
we investigate, using a temporal as well as a spatial approach, how the avalanche
simulations can be objectively evaluated using the experimental particle data with
respect to recorded trajectories and associated velocities. We also use the AvakFrame
automatic thalweg generation method, which is a crucial step in the avalanche path
dependent analysis algorithm. An attempt is made to combine both temporal and
spatial information by transforming flow quantities in a path dependent coordinate
system centered around the avalanche thalweg, which offers a new way to compare
particle results with each other and puts them into relation to the whole avalanche
flow. To assess the difference of flow dynamics at the whole avalanche scale and at
a particle level, we select the numerical particles which are in the vicinity of the
AvaNodes in the release area, and we evaluate the evolution of their velocities in
the thalweg coordinate system with respect to the AvaNodes. These comparisons
show that changing the expression of the friction relation leads to simulation outputs
which are more consistent with the experimental data for the avalanche path under
study. By investigating data of different AvaNodes for one experiment we were able
to assess the robustness of our conclusions with respect to variations in the sensor
data and physical properties. Eventually, our study shows how simulation results
on the particle level compare to the avalanche flow continuum, and sheds light on
the similarities and differences between numerical particles and real snow granules
towards investigating transport effects regarding possible debris or victims.
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1 Introduction

The destructive potential of snow avalanches presents a serious threat for people
and infrastructures in mountainous areas. In January 2019, important snowfalls
combined with an unstable snowpack caused several mountains roads to be closed
and villages throughout the Alps to be isolated [2], and in Ramsau am Dachstein
in Austria a hotel was hit by an avalanche, leading to the evacuation of the 60
guests [1]. Mountain practitioners, such as backcountry skiers, snowboarders or
mountaineers, are also regularly impacted by avalanche accidents when going in the
mountains. The European Avalanche Warning Services (EAWS) has been recording
avalanche fatalities in Europe since its creation in 1983. According to their statistics,
more than 7800 people lost their lives in avalanches in Europe since 1950 [11].
The EAWS also introduced in 1993 an avalanche danger scale, which is still used
nowadays. According to the de nition given by the EAWS, the avalanche danger
level "depends on the snowpack stability, the frequency distribution of snowpack
stability, and the avalanche size for a specic spatial area and time" [11]. The
European Avalanche Danger Scale has ve levels: from 1 (low) to 5 (very high).
Released by avalanche forecasters every day in the winter season, this scale is used by
the decision makers and practitioners to evaluate the avalanche risk and adapt their
decisions. Depending on the forecast, ski patrols secure the ski resorts adequately,
and local authorities helped by avalanche experts decide whether to close or not
roads exposed to avalanche hazard. In case of extreme risk, towns and people can
be lockdown, leading to important socio-economic impacts.

As the number of inhabitants and cities grow in these regions, the tension on
the accommodation market increases, which leads to the building of new houses
and infrastructures. However, in these mountainous areas spaces where building is
permissible are limited by the topography and the avalanche risk in winter. Before
starting construction work, the risk of an avalanche hitting the building has to be
carefully assessed using so-called hazard maps. These maps de ne the areas where
the avalanche risk is su ciently low to make building legally authorized. Hence,
they have serious socio-economic impacts on the mountain regions, and one of the
vivid issues remaining for avalanche research is to improve the reliability of these
hazard maps. In order to achieve this goal, the dynamics of the avalanche ows has
to be deeply understood. Despite major developments in avalanche research since
the end of the twentieth century, improving the avalanche dynamic understanding
remains a major challenge [34].

A key part in the production of the hazard map is to predict how far the avalanche
ow will travel, to know which places will be a ected or not by the avalanche.
The friction of the ow with the basal layer strongly in uences the ow velocity,
and therefore the distance travelled by the avalanche. Di erent expressions for the
friction have been tested during the development of avalanche models. To cite a few,
a dry Coulomb friction law was used for one of the rst attempt to model avalanche
ow in 1935 [18], while in 1955 the Swiss civil engineer Voellmy developed a new
friction relation similar to the Chezy law of the friction in turbulent water ows [46].

Di erent attempts have followed, however extreme avalanches observed at the Vallée
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de la Sionne test site in Switzerland in 2004 made clear that the friction relations
could still be improved to better t the eld observations [28].

To better understand the friction process, two approaches are possible: experi-
ments, and simulations. However, making measurements of real snow avalanches is
particularly challenging due to the life-threatening nature of the phenomenon and
its destructive potential. Thus, our current understanding of avalanche dynamics
mostly rely upon laboratory experiments and computer simulations [7]. Computer
simulations run with the open-source avalanche ow simulation framework AvaFrame
allow to simulate avalanche ows on a chosen topography for a wide variety of initial
conditions and ow behaviors (such as the snow density or snow thickness in the
release area, or the entrainment of snow) and is today essential to produce hazard
maps in Austria. These computer simulations also allow to test di erent relations
to simulate the friction of the ow with the basal layer, and study how it a ects the
whole avalanche ow evolution. However, conducting elds experiments remains the
best way to evaluate the simulation results by comparing them with real avalanche
ows. Currently, a eld experiment project, called AvaRange, aims at extracting in-
formation from the internal ow behavior of avalanches [7]. In- ow data have been
recorded for the rst time using non-invasive methods, with sensors moving with the
avalanche ow. In this work, we investigate how the detailed information extracted
from these eld experiments can contribute to the improvement of the friction re-
lations used to model the friction between the avalanche ow and the basal layer,
which plays a key role in avalanche simulations and hazard mapping.

Comparisons between avalanche simulations and eld measurements in order to
improve the avalanche ow modelling have already been performed in the past. In
Switzerland, in the Vallée de la Sionne test site, the velocity of the avalanche front is
measured with a Doppler radar, and a pylon equipped with velocity sensors placed
in the avalanche track provides velocity measurements at di erent ow thicknesses.
Di erent attempts have been made to tthe ow simulations with the measurements
done at the Vallée de la Sionne [28]. However, the calibration of the friction relation
is likely to change depending on the simulation module used. One attempt to
compare the AvaFrame com1DFA module simulation results with experiments has
been done by the master student Michael Winkler [47] in 2021, who compared the
measurements conducted with the radar Geodar at the Nordketten test site with the
simulations, and made a rst attempt to optimize the friction relations. However,
data extracted at a particle level, such as data recorded by the in- ow measurement
devices AvaNodes, have never been compared to AvaFrame simulations so far.

Our overarching research question can be formulated as the following: how can
data recorded with the AvaNodes during eld experiments help to improve the fric-
tion relation in avalanche simulations on AvaFrame? Dierent issues have to be
solved rst, and can be summarized in three questions:

How can we compare the simulations evaluated at a particle level with the
AvaNodes measurements in both spatial and temporal domains?

How can we de ne the avalanche thalweg, and in which way introducing a
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thalweg-centred coordinate system o er a new perspective on the comparisons
between experiments and simulations?

N

How to use these comparisons to improve the expression of the friction rela-
tion?

To answer these questions, the thesis is structured as follows: Section 1 pro-
vides a short description of snow avalanche fundamentals and a brief history of
avalanche ow modelling and simulations. In the second section, the AvaRange
project and the 2022 eld experiment campaign are presented, as well as the dense
ow avalanche simulation module com1DFA of the framework AvaFrame. The fric-
tion relations implemented in AvaFrame are detailed, and the methods used, such
as the transformation of ow quantities in the thalweg coordinate system, the sim-
ulations con guration and tools to evaluate the results are presented. In the third
section, we compare the results obtained with the di erent friction relations already
implemented in AvaFrame, and we study the impact of an adapted friction relation.
An attempt to improve this friction relation is made by comparing simulations re-
sults with experimental data in the temporal domain, as well as in both spatial and
temporal domains along the thalweg. Eventually an analysis at the particle level
is carried out, by comparing in the thalweg coordinate system the behavior of the
AvaNodes with the behavior of the numerical particles which are in the vicinity of
the AvaNodes in the release area. As this study is a step-by-step process, results are
presented and discussed all along the sections.

2 About snow avalanches

2.1 Avalanche fundamentals

After an avalanche has been released, di erent areas can be distinguished. Usually
three main areas can be de ned, the release area in the zone of origin, the avalanche
track or transition zone, and the runout area located in the deposition zone. The
de nitions presented here are the ones used by the SLF [21](Figure 1):

The release area: area located in the zone of origin corresponding to the
starting zone of the avalanche ow, where the avalanche was triggered.

The avalanche track or transition zone: area crossed by the avalanche ow.
It corresponds to the zone between the origin and deposition zones. Snow on
this zone can also be entrained by the avalanche ow.

The runout area: area located in the deposition zone where the avalanche
stops due to frictional energy dissipation [6]. This area is delimited by the
avalanche debris.



Figure 1. The 3 main parts of an avalanche slide path. Source: [21]

Snow avalanches are complex phenomena, depending on multiple parameters.
Three categories of avalanches can be distinguished regarding their release mecha-
nism [36]:

Slab avalanches: Slab avalanches require a cohesive snow layer (called the
slab) which lies upon a cohesionless snow layer (called the weak layer). The
avalanche occurs when an additional load exerted on the slab generates a
fracture in the weak layer which propagates, and causes the release of the
slab which ows down the slope [35]. Due to the di culty of knowing if a
weak layer and a slab are present in the snow stratigraphy, slab avalanches
are particularly dangerous, and represent more tha®0% of the deaths which
occurred in avalanches [36].

Loose snow avalanches: Loose snow avalanches trigger from a point (usually
on a slope steeper thad0 ) where fresh snow ows downhill and entrains more
and more snow on its way down. They can be made of dry or wet snow [4].
They often release spontaneously, and when a skier releases it, it slides down
below him, reducing the risk of making him fall [36].

Gliding avalanches: Gliding avalanches consist in the entire snowpack sliding
down on a smooth ground, which usually consists in grass of rock slabs. Glide
avalanches release spontaneously. The snowpack usually starts to slide down
slowly, and wide cracks going from the ground to the snow surface appear.
Despite these visible signs, it is impossible today to predict when a glide
avalanche will release [36].

Once triggered, the avalanche ows down the slope. According to the mor-
phological classi cation of avalanches from the avalanche atlas [25], three forms of
movement in the transition zone can be distinguished:
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Powder avalanches: Powder avalanches usually start as a slab avalanche, and
mobilize important quantities of fresh snow which creates a powder cloud.
When the avalanche path has a large elevation di erence, powder avalanches
can reach a velocity of 300 km/h and have serious impacts on valley infras-
tructures [36]. Powder snow avalanches usually appear when the snow is cold,
dry and cohesionless [6].

Dense ow avalanches: Dense ow avalanche is a form of movement in the
transition zone of the avalanche. According to the AvaFrame glossary, "dense
ow avalanches are owing along the ground and are rather associated to warm
ow" [6]. It corresponds to an avalanche ow presenting only a dense ow layer

(see de nition below).

Mixed ow avalanche: According to the AvaFrame glossary, "mixed types of
movement can be observed in the transition zone of the avalanche, with the
two previous forms of movements (powder and dense ow) and their partial or
complete transitions." For example, a mixed ow avalanche could correspond
to a dense ow avalanche with powder component [6].

Depending on the physical properties of snow and the liquid water content of
the snowpack, the avalanche ow behavior and its velocity will vary. However,
two main structures can usually be spotted in an avalanche ow, without both
appearing necessarily: the dense ow layer and the dilute layer [33]. For avalanches
presenting a dilute layer, a strati ed turbulent suspension layer can also appear after
the avalanche front, which combines properties from the dense ow and the dilute
layer, and roll waves can also form on the dense basal layer (see Figure 2).

Dense ow layer: The dense core can have a plug ow velocity pro le in subcrit-
ical (Fr < 1) wet snow avalanches. For such velocity pro les, the shear layer
between the dense layer and the gliding surface is often concentrated. The
dense core can also have a shear ow velocity pro le in supercritical (Fr > 1)
dry snow avalanches. In such a case, the shear layer is often distributed over
the height of the dense layer [22]. This is however a very coarse distinction, as
Koéhler has recently shown [19], with real dense layers being manifold: regard-
ing of the moisture content and the temperature of the snow, there are many
possible combinations of these two velocity pro les in the same avalanche.

Dilute layer: A dilute layer, composed of an energetic turbulent suspension
layer and a decaying power cloud, can also appear. This dilute layer appears
most of the time in powder snow avalanches: for these avalanches, the Reynolds
number ranges froml(® to 1, which results in a highly turbulent dilute layer
[40]. In this dilute layer can appear a saltation layer, which is composed of
snow granules being dragged and pushed out of the dense layer by the air ow
and the intense surging activity of the avalanche front. These surges quickly
slow down, and give to the avalanche front an intermittent character [40].
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Figure 2: Example of an avalanche ow structure: the avalanche front (1) is followed
by a strati ed turbulent suspension layer (2). Then, a dilute turbulent cloud (5)

can form above the dense basal layer (3). The avalanche tail is composed of a dense
ow layer over a dissipative base (4). Source: [39]

All of these structures don't appear in every avalanche ow. The structures
present will characterize the ow regime of the avalanche. One avalanche can
present di erent ow regimes, depending on the snow temperature and moisture
content evolution from head to tail. Seven di erent ow regimes have been iden-
ti ed regarding of their Moving Target Identi cation signature obtained from the
radar system GEODAR (GEOphysical ow dynamics using pulsed Doppler radAR)
in the SLF test site of Vallée de la Sionne (VdIS) [40]. The most common regimes
are the warm shear regime, the warm plug regime, the intermittent regime, and the
cold dense regime:

N

Warm shear regime: In these ows, aggregation of the snow granules exceeds
fragmentation, and leads to persistent-moist granules [13]. However the co-
hesive forces are not su cient to glue together large areas of the ow, and
the velocities reached by these ows remain relatively high (around 25 m/s
in the Vallée de la Sionne test site) [40]. These ows appear when the snow
temperature is slightly belowO C.

Warm plug regime: These ows are characterized by large persistent-wet gran-
ules. There is very little mixing inside the ow, the cohesion is strong and can
lead to the formation of large ow units behaving as solid-like blocks [17] with
a typical velocity of 10 m/s in the Vallée de la Sionne test site. They form
when the snow temperature is isothermal (T =O C).

Intermittent regime: This regime is characterized by an intense surging activity
in the frontal region of the avalanche, and appears for snow powder avalanches
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with a snow temperature below 2 C [20]. Aggregation is really limited, and
fragmentation prevails, which leads to the formation of ne-grained snow.

Cold dense regime: A cold avalanche (snow temperature belowt C) doesn't
necessarily lead to an intermittent regime. The cold dense regime ows are
often composed of one single surge. These avalanches are expected to consist
of grains behaving like a dry granular ow [40]. In the test site of Vallée de la
Sionne, these avalanches have a velocity of around 30 m/s.

Depending on the snow quantity and the type of snow crystals in the snow-
pack of the release area, the steepness and length of the avalanche track as well as
the quantity of snow entrained, avalanches can reached di erent sizes. The Euro-
pean avalanche warning service distinguishes ve sizes of avalanches, using a clas-
si cation made by Canadian researchers based on the destructive potential of the
avalanche [45] (see Table 1).

Table 1: Canadian avalanche size classi cation. Source: [10]

2.2 A brief history of avalanche modelling and simulations

Avalanche research started in the former USSR in the 1930s. A review of the work
done in the second part of the20" century in term of avalanche dynamics research
has been published by Issler in 2003 [17]. The work conducted in USSR was ex-
clusively in russian and remained unknown of the researchers outside of USSR for
a long time, until a translation in English was made by Bozhinskiy and Losev in
1998 [9]. An avalanche model developed by soviet scientists in Tibilissi in 1935 is
likely to be the rst attempt to develop an avalanche model [18]. For the friction
force between the avalanche ow and the basal layer, they introduced a dry Coulomb
friction, and a force increasing linearly with speed [28]. Later, Kozik suggested to
add to the friction force relation a resistance term representing the impact of the
avalanche front on the snowpack and its interaction with the surrounding air [18].
This term, proportional to the velocity squared, leads to a steady ow on an in nite
slope with a constant angle, while the simple Coulomb model allowed the ow to
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keep accelerating in nitely. An important contribution has been made later on by
the Swiss civil engineer Voellmy. In 1955, he published a paper entitled "Uber die
Zerstoerungskraft von Lawinen" (On the destructive force of avalanches), in which
he made the analogy between the avalanche ow and the shallow water hydrody-
namics equations [46]. For the friction relation, he combined a dry Coulomb friction
with a resistance term proportional to the velocity squared, similar to the Chezy
law of the friction in turbulent water ow in open channels. The combination of
these two terms is known as the Voellmy friction relation. Then in 1966 Salm stud-
led avalanche ow as a cohesionless material movement for the rst time [27]. He
discovered active-passive ow states describing the internal deformation of the snow
in the avalanche ow, and introduced a pressure coe cient in the ow equations to
describe these states [28]. A more mathematical approach by Savage and Hutter led
to similar equations for a nit mass of granular material [32]. In 2014, Gray and
Edwards adopted a di erent approach to model the friction of the avalanche ow
with the basal layer by using (I )-rheology, and incorporated it into depth-averaged
granular avalanche models [15]. Tregaskis also made an attempt to introduce the
(1)-rheology in a numerical model of avalanche ow [44].

Parallel to the improvement of the governing equations, researchers have been
working on eld experiments and developing measurement techniques. The rst
real-scale eld tests have been developed in the second part of ta@" century:
in 1970 the Norges Geotekniske Institutt (NGI) built a full-scale experimental site
in Ryggfonn in Norway [23], and in Switzerland the Institut fir Schnee und Law-
inenforschung (SLF) developed a full-scale avalanche dynamics test site in Vallée
de la Sionne in 1998 [38]. Data measured at these test sites has helped improving
models for avalanche run-outs and have been used to test and improve the avalanche
mitigation tools [17]. Thus, extreme run-outs measured made clear that the model
used for the friction between the ow and the basal layer could be improved [28].
Di erent attempts have been made to change the expression of the friction in such a
way as the numerical calculations would t with the observations in these test sites.
To cite a few, Grigoryan in 1972 developed a one-dimensional hydraulic model with
a new coulomb friction model: he considered that the friction could not rise indef-
initely when the normal pressure is increasing, but should be limited by the shear
strength [16]. In 1980, Perla developed a model based on the resistance by dry
coulomb friction, air resistance at the upper boundary of the avalanche ow and at
the front, and an additional resistance force at the front [24]. In 1985, Salm and
Gubler considered the avalanche as a granular material with random uctuations
of grains, and distinguished three di erent ow regimes: sliding, partial uidization
and full uidization [29]. For each of these ow regimes, a di erent friction relation
applies: for sliding, resistance depends on the dry Coulomb friction, for partial u-
idization a resistance proportional to speed is added to the coulomb friction, and
for the full uidization a resistance term proportional to the velocity squared is
added to the coulomb friction. Observations with the Doppler radar at the test
sites showed that real-scale avalanches can show a transition from sliding to partial
uidization [29].

The development of avalanche dynamics knowledge and avalanche ow modelling
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have di erent objectives. From the engineering perspective, two main goals can be
distinguished: the design of mitigation structures, like avalanche dams or barriers,
and the production of hazards maps. Hazard maps specify which areas are under
threat of being hit by an avalanche, and with which probability they will be a ected.
They are used to de ne where new buildings can be built, or where mitigation
infrastructures have to be built, and thus have signi cant socio-economic impact on
the mountain regions. To design mitigation structures, engineers need to know where
the possible avalanche will ow, and which pressure an avalanche would exert on the
structure. These two goals require the non-linear equations governing the avalanche
ow to be solved for a wide range of topographies, in order to calculate the run out
length or the velocity of the possible avalanche ows. Thereby, the development
of computers and numerical resources play a key role in this work. Under certain
assumptions, such as ow incompressibility, they allow to approach the solution of
the system of equations governing the avalanche ow for a wide variety of inputs,
and to develop new ways to explore the results coming from these equations.

3 Data and methods

3.1 AvaRange and 2022 eld campaign
3.1.1 The AvaRange project and the AvaNodes

Conducting eld experiments on snow avalanches is particularly challenging, due
to the destructive potential of the phenomenon and its dependency on numerous
weather factors. So far, most of the experiments are either non-invasive external
observations (terrain pictures [26], post avalanche granulometry measurements [5],
doppler radar [12] or seismic sensors measurements [42] to name a few) or invasive
in- ow measurement techniques (such as the use of a pylon equipped with sensors
at the Vallée de la Sionne test site by the SLF to study the avalanche/obstacle in-
teraction, by measuring the pressure exerted by the ow for example [41]). If these
di erent measurement techniques produce a wide range of information, they fail to
provide in- ow information at a particle level. The AvaRange project, conducted
by the BFW together with the universities of Innsbruck and TU Berlin, started in
spring 2020, and is the rst attempt to Il this gap and to conduct non-invasive in-

ow measurements. One of the main objectives of this project is to extract detailed
information on snow particle trajectories and dynamics, in order to increase the un-
derstanding of internal dynamic processes and ow behavior of avalanches. A better
understanding of the avalanche ow trajectory and the respective particle transport
would be extremely useful, for example to predict a person burial location or the
transport of debris material and their possible impact location [7]. This project
consists in using sensors placed in a robust protective capsule, called AvaNodes,
which will move with the avalanche ow (see Figure 3). During eld experiments,
they are placed in the release area of the avalanche and move with the ow once the
avalanche is triggered.

The AvaNodes are equipped with a GNSS (Global Navigation Satellite System),
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