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ABSTRACT. Avalanche modeling is an essential tool to assess snow avalanche10

hazard. Today, most popular numerical approaches adopt depth-averaged11

equations. These methods are computationally efficient but limited in cap-12

turing processes occurring in the flow depth direction, e.g., erosion or deposi-13

tion, which are often considered using ad hoc parameterizations or neglected14

completely. However, processes such as snow erosion, can crucially influence15

the flow dynamics and run-out and are often not negligible. We address these16

issues by using a new three-dimensional model, based on the Material Point17

Method (MPM) and finite strain elastoplasticity. To assess the possibilities18

and challenges associated with these highly detailed but computationally ex-19

pensive calculations, we simulated the “Salezer” snow avalanche that released20

in Davos, Switzerland, in 2019. To reproduce the event in our simulations,21

we use the release areas mapped in a photogrammetric drone survey and es-22

timate the snow conditions on the day of the event. We compare macroscopic23

features, such as flow outline and snow deposition, of the simulated avalanche24

to field observations. An in-depth analysis of transient 3D flow structures at25
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the avalanche head demonstrates the degree of physical detail in the model,26

but also highlight challenges which still need to be addressed.27

1 INTRODUCTION28

The goal to understand and predict the dynamic behavior of snow avalanches is often to mitigate avalanche29

danger by estimating e.g. the avalanche flow velocity and run-out to plan suitable countermeasures. Mod-30

els, which are widely used today are based on the analogy between avalanches and floods, implementing a31

set of depth-averaged equations derived from the Navier-Stokes equations. Due to the depth integration32

these so-called Saint-Venant models involve a number of complex assumptions about the flow dynamics, as33

well as ad-hoc parametrisations and conceptual or empirical models of dynamic processes. The parameters34

involved in these parametrisations and empirical laws need to be calibrated from historical events (e.g.35

Zugliani and Rosatti, 2021; McDougall and Hungr, 2004), which implies strong limits in their predictive36

capacity. Especially the Coulomb and turbulent friction parameters in the widely used Voellmy rheological37

model, play an important role governing the run-out distance of the avalanche, but are not comparable to38

a physically measurable mechanical property of snow.39

Furthermore, Saint-Venant-like models suffer from shortcomings when simulating flows on steep or high40

curvature terrain due to the depth-integration of the flow equations. While improvements were made to41

resolve this issue (e.g. Gray and others, 1999; Pudasaini and Hutter, 2003), all depth-averaged models42

used today inherently suffer from this limitation to some degree. This limitation has special importance43

for snow avalanches, because snow avalanches mostly occur in steep alpine terrain. Moreover, in times44

of a warming climate, the frequency and characteristic of the snow avalanche hazard is transforming as45

well (Castebrunet and others, 2014; Lazar and Williams, 2008; Naaim, Mohamed and others, 2016). This46

creates the need for more physics based models with better predictive capacity compared to the most47

commonly used depth-averaged models, which are often calibrated using historic data.48

In the past decades novel high-resolution measurement technologies (e.g. Köhler and others, 2018; Thibert49

and others, 2008; Gauer and Kristensen, 2016; Sovilla and others, 2015; Kern and others, 2009) were used50

to improve the physical understanding of the processes governing snow avalanche dynamics. The interpre-51

tation of the measurements and the development of numerical models, which consider the analogy between52

snow avalanches and granular flows (e.g. Ligneau and others, 2022; Li and others, 2021; Sampl and Granig,53
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2009), and reproduce the experimental observations in ever greater physical detail, allow for an even deeper54

insight into the dynamic flow processes.55

One particular modeling approach, namely the Material Point Method (MPM), received increased attention56

because it performs well in simulating the large material deformations, as well as aggregation and fracturing57

processes that materials undergo in geophysical mass flows, including snow avalanches. A recent imple-58

mentation of MPM has been developed to simulate crack initiation and propagation for snow avalanche59

release (Gaume and others, 2018; Stomakhin and others, 2013), proved also to perform well in simulating60

the dynamics of hazardous geophysical mass movements in general (e.g. Li and others, 2022b; Gaume and61

Puzrin, 2021; Wolper and others, 2021; Cicoira and others, 2022). The respective studies demonstrate that62

this MPM model is able to reproduce dynamic flow processes such as snow entertainment, surges, flow63

regime transitions and snow granulation (Li and others, 2020, 2022b, 2021), which are important to study64

the dynamics of snow avalanches.65

In the present study, we further push the boundaries of the mesh resolution and the physical detail, which66

can be achieved in fully three-dimensional (3D) simulations of snow avalanches over an explicitly simu-67

lated erodible bed, and, thus, exploring the possibilities and limitations of this up-to-date 3D MPM snow68

avalanche model. Fully 3D simulations come with a considerably higher computational cost, which has to69

be balanced with an increase in the physical relevance of the results of the 3D model compared to other70

methods. In order to test the validity and relevance of the model in a quantitative way, in this paper71

we apply the MPM to a test case scenario of a relatively well documented real avalanche event in Davos,72

Switzerland. The “Salezer” snow avalanche event is described in section 2. Details about how we simulate73

the avalanche are presented in section 3. In section 4, we show the results of the MPM simulation including74

comparisons with measurements of a drone survey after the event. In the last two sections 5 and 6, we75

discuss the simulation results and the comparisons with the measurements and draw conclusions about the76

applicability and future potential of the MPM model.77

2 AVALANCHE FIELD OBSERVATIONS AND DATA78

The “Salezer” avalanche occurred on 15 January 2019 in Davos, Switzerland, following a heavy snowfall79

that deposited 90 cm of snow in 3 days (SLF, 2019), resulting in a total snow depth of approximately 250 cm,80

in the avalanche release zone. To ensure the safety of the road and heliport below, the Salezer Horn slope81

is regularly triggered with explosive charges to cause controlled avalanche release. On 15 January 2019,82
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a large avalanche was released on the ridge near the summit of Salezer Horn. Due to the large amount83

of erodible snow available along the path, the powder snow avalanche reached a very large size, which84

over-passed the tunnel protecting the main road, crossed a car park and finally flew onto the ice surface of85

Lake Davos.86

In the following sections, we describe the observation and measurement data from the avalanche event.87

2.1 Release area and flow outline88

A drone survey with a sensefly eBee RTK was carried out on 15 January 2019 after the event including89

photogrammetric measurement of the surface elevation and an orthophoto of the whole avalanche path.90

The mean flight altitude above ground was 195m resulting in 679 images with a mean spatial resolution91

of 4 cm covering an area of 2.11 km2 in total. Based on the orthophoto it was possible to identify three92

release areas and approximately map the outline of the dense flow of the avalanche. The avalanche control93

crew in the helicopter reported, that after the avalanche started in the primary release area, the flow of94

the avalanche itself led to the destabilization of the two secondary release areas. With high probability,95

the secondary releases were triggered sequentially by the disturbance induced in the snow cover, caused96

by the main body of the avalanche flowing by. The crown of the primary avalanche release was located at97

an elevation of 2456m above sea level (a.s.l.) close to the summit of Salezer Horn, while the lowest point98

of the run-out was at 1556m a.s.l. Thus, overall the avalanche covered a height difference of 900m and a99

path length of approximately 2.5 km.100

Furthermore, experts of the WSL Institute for Snow and Avalanche Research SLF extracted the approxi-101

mate outline of the avalanche dense flow based on the snow surface texture visible in the orthophoto. The102

inset in Fig. 1 b visualizes that the distinction of the dense flow and the powder part of the avalanche was103

not always obvious from the orthophoto of the drone mapping and, therefore, can only be considered as104

approximative.105
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Fig. 1. Panel a and b show an overview map and the orthophoto mapped from the drone survey of the avalanche

track with release areas (red, orange and yellow shaded areas), and dense flow outline (purple), respectively. The

inset in panel b shows a close-up of the granulation patterns in the dense part and the powder part of the avalanche,

as well as the undisturbed snow cover. Map source: Swiss Federal Office of Topography.

2.2 Erosion and deposition106

From the drone survey images, we calculated a digital surface model with a spatial resolution of 10 cm. Due107

to the boundary conditions with the high avalanche danger and the start of the World Economic Forum108

with the corresponding closure of the airspace, we could not distribute ground control points. However,109

due to the eBee RTK capability the geolocation accuracy in the range of centimeters is possible. The110

intrinsically calculated values for the surface models and the orthophotos are x “ 2.58 cm, y “ 2.68 cm and111

z “ 3.69 cm. These values agree with previous campaigns, where we achieved similar geolocation accuracies112

applying check points measured with differential GNSS. A second, snow-free flight was performed on 24113

July 2019 (e.g. Eberhard and others, 2021).114

We calculate the snow height distribution on the terrain after the event shown in Fig. 2 by subtracting the115

snow free digital surface model (DSM) from the snow covered DSM. Although the snow height distribution116

before the event is not available in this case, the data provides good indication of where snow was eroded117

or deposited by the avalanche. However, in the absence of accurate snow height distribution data before118

the event and with a potentially considerable amount of deposits in the lake, it is not possible to make an119

accurate mass balance for this event.120

From the snow height distribution after the event, we can infer that the release height at the crown of the121

three avalanche release areas is highly variable, because of locally large deposits of wind drifted snow. The122
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release heights in all three release areas vary from approximately 0.5m up to 2.0m. In Fig. 2 the outline123

of the release areas is visible from the distinct drop in snow height, e.g. shown in the inset on the left for124

the primary release area.125

Because the water level of the lake is reduced in winter, the deposition height is not accurate in the area of126

the lake. Moreover, snow which is cleared from the roads of Davos, is deposited by the local authorities at127

the south-western tip of the lake. In Fig. 2 this is visible from the dark red triangle in this region, which128

is therefore not relevant for our analysis.129
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Fig. 2. Snow height distribution calculated from the photogrammetric drone survey. The inset shows a close-up

of the primary release area marked with the red dotted outline. Map source: Swiss Federal Office of Topography.

2.3 Front velocity130

At the south-western tip of the lake several persons were present during the event, recording a part of131

the avalanche with their mobile phone devices, while the avalanche was approaching. For the analysis, we132

use a private video, which is available online (Youtube, 2019). We extract the approach velocity of the133

avalanche front from the video by defining four control points along the flow path, which are shown in134

Fig. 5 b. Thereby we calculate the velocity from the elapsed time in the video and the distance between the135

control points. The control points are at the entrance (point 1 in Fig. 5 b), near the middle (point 2) and at136

the exit (point 3) of the “Salezer Tobel” gully, as well as at the edge of the avalanche tunnel roof protecting137

the main road (point 4). In the first two sections (points 1-3) the avalanche flows inside the gully with an138

average slope of 46 ˝. In the last section, between the exit of the gully and the tunnel roof (points 3-4), the139

avalanche flows on a wide open slope with an average inclination of 26 ˝. The average velocities between140

points 1-2, 2-3 and 3-4, are 42m/s, 47m/s and 28m/s, respectively. By combining extreme values of the141
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ranges of the position and time span extracted from the video for the velocity calculation, we obtain an142

estimate of an uncertainty of up to ˘5m/s of the approach velocity. The inaccuracy of the velocity estimate143

mainly arises due to the perspective view and the temporal resolution in the video.144

145

2.4 Avalanche flow on the lake146

In the run-out zone, the avalanche was interacting with Lake Davos. This bears the risk of generating an147

impulse wave, which could potentially endanger further infrastructure beyond the run-out of the avalanche.148

However, in the present case study this was not observed, as on the day of the event, the lake surface was149

5m below the maximum capacity and was covered with a ice-sheet. The blasting crew in the helicopter150

reported that the ice at the side of the avalanche was only starting to crack „ 10 s after the avalanche head151

stopped at the other side of the lake as shown in Fig. 3. Considering that the terrain close to the impact152

point is almost flat, we assume that the avalanche flew almost parallel to the ice surface, and the normal153

forces exerted by the avalanche on the ice surface were low compared to a steeper impact. This makes it154

less likely for the ice to break and an impulse wave to be generated due to the impact.155

a b                                                 c                                                 

N

N

N

Fig. 3. Photographs of the avalanche flowing into the lake taken from the helicopter crew. The image in panel a is

taken at the time when the avalanche reaches the other side of the lake. The images in panel b and c are taken 12 s

and 30 s after the image in panel a, respectively. The blue arrows and dots mark the north direction and the location

of the south-western tip of the lake, respectively. Pictures: V. Meier.

3 NUMERICAL MODELING OF THE EVENT WITH MPM156

In this study we aim to test the possibilities and limitations of a novel fully three-dimensional numerical157

MPM model to simulate snow avalanches. In the numerical model, we distinguish two main components:158

the Material Point Method (MPM) solver and a constitutive material model described in the sections 3.1159
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and 3.2, respectively.160

In sections 3.3 and 3.4, we describe how we represent the snow pack on the day of the event and the original161

topography in the numerical model, respectively.162

3.1 The Material Point Method163

The Material Point Method (MPM) solves the conservation of mass and momentum equations in a hybrid164

Lagrangian and Eulerian way. On the one hand, the Lagrangian particles (material points) are a discretized165

representation of the continuum material and advect material properties such as mass, velocity and mo-166

mentum. On the other hand, an Eulerian background mesh is used to compute forces, solve the equation of167

motion and apply boundary conditions. To map the material properties between the Lagrangian particles168

and the Eulerian grid, transfer functions are used, which interpolate the material information from the169

particle positions to the grid nodes. In this study, we use an initial particle density of 6 particles per grid170

cell and the Affine Particle–In–Cell method (APIC) (Jiang and others, 2016, 2017) as a transfer scheme.171

In our scheme, we use quadratic B-Splines as transfer function which have a span of 1.5 dx on both sides.172

Because in MPM the material is represented by particles moving in space with a non-deformable back-173

ground mesh, this method allows us to simulate large material deformations, whereas in other methods174

large mesh distortion may lead to numerical instability.175

For more in-depth information on the implementation of the numerical MPM scheme and the constitutive176

material laws, we encourage the reader to revisit the relevant publications, in which the solver and consti-177

tutive model were already extensively tested (e.g. Li and others, 2021; Cicoira and others, 2022; Gaume178

and others, 2018).179

180

3.2 Constitutive material model for snow181

To simulate a particular material with MPM, a constitutive model, which relates the deformation gradients

to the stress state in the material, and the corresponding material properties are needed. In this study, we

use the cohesive Cam Clay constitutive model to simulate snow (Gaume and others, 2018). This model has

proven to perform well in simulating important features of the mechanical behavior of snow in avalanches,

such as granulation, fracturing, hardening and softening. This capacity enables the model to capture e.g.

levee formation, roll waves, erosion and deposition (e.g. Cicoira and others, 2022; Li and others, 2022b).
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An essential characteristic of our finite strain elasto-plastic model is its capacity to encompass both the

behavior of static snow cover distributed over the whole terrain for potential entrainment, and the flowing

avalanche snow, which also originates from an unstable portion of the static snow cover itself. Hence,

no arbitrary condition is needed to distinguish release and entrainment, but the entrainment process may

occur naturally in the simulation. The cohesive Cam Clay model defines the material’s yield surface as:

ypp, qq “ p1` 2βqq2 `M2pp` βp0qpp´ p0q (1)

where p0 is the compressive strength,M the slope of critical state line and β the ratio of the tensile strength

σten and p0. In equation (1), p and q are the mean Kirchhoff stress and the von Mises equivalent Kirchhoff

stress q, respectively. They are defined as:

p “ ´tr(τ ){d (2)

q “
a

3{2 dev(τ ) : dev(τ ) (3)

with the Kirchhoff stress tensor τ , and tr(τ ), dev(τ ) its trace and deviatoric part, respectively.182

If the stress state exceeds the yield criterion in equation (1), the trial p-q-state outside the yield surface183

is projected back to the surface and a hardening law is used to adjust the yield surface. The hardening184

and softening of the material follow equation (4).185

p0 “ K sinhpξ maxp´εpv, 0qq (4)

In equation (4) K is the bulk modulus, ξ the hardening factor and ep
v the plastic volumetric strain.186

After the initial yielding of the static snow cover, the model allows us to describe the dynamic behavior of187

snow through a softening mechanism by changing the slope of the critical state line from the initial M to188

Mflow (Gaume and others, 2018).189

It is important to note that in this implementation the interaction of the particles with ambient air is not190

captured. Hence, in our numerical model, we only reproduce the dense flow part of snow avalanche, where191

the physical effects of the ambient air and its interaction with the snow particles are negligible. The large192

powder cloud reported in the real avalanche is thus not considered here (section 2).193

194
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3.3 Snow cover modeling195

In our MPM simulations we distribute snow cover all over the terrain along the avalanche path, mimicking196

an initially static snow cover as in reality. The avalanche flow is initiated by unstable sections of the snow197

cover, where the weight of the snow cover is not sufficiently counterbalanced by the friction forces at the198

ground and exceeds the yield criterion described in section 3.2. Similar to entrainment in reality, also in199

our simulation, the static snow cover on the terrain can be entrained by the flowing snow, if the stress200

between the stationary and the flowing mass is high enough to exceed the yield limit.201

In an attempt to model the snow conditions, including the snow mechanical properties and the erodible202

snow volume along the avalanche path, on the day of the event as close to reality as possible, we numerically203

simulate the layering and height of the snow pack with the SNOWPACK model (e.g. Lehning and others,204

2002). We perform these simulations based on meteorological measurements for two locations near the205

avalanche track. The first station WFJ2, is located 1.3 km from the release (46.82945˝ N 9.80909˝ E) at an206

elevation of 2540m a.s.l., and thus, representative for the snow conditions in the release area. The second207

station SLF2 is located 250m from the lake (46.81264˝ N 9.84813˝E) at the same elevation as the avalanche208

run-out at 1564m a.s.l. Consistent with engineering guidelines (Margreth, 2007), we assume that the snow209

height increases linearly with altitude between these two stations. We visualize the simulated snow profiles210

at the two stations on the left and on the right side in Fig. 4.211

Because we are limited to the spatial resolution of dx “ 0.7m (see section 3.4) by our computational212

resources, in the MPM simulations we simplify the snow cover to only consist of two distinct layers. A lower213

layer (1) with older, consolidated and well solidified snow, corresponding to the red and blue colored grain214

types in the simulated profile. At the top of the avalanche track layer (1) has a thickness of 2 dx “ 1.4m215

and 1 dx “ 0.7m at the elevation of the run-out. The upper simulated snow layer (2), corresponds to the216

fresh snow deposited in the days just before the event, and corresponds to the grain types colored in light217

and dark green in Fig. 4. The snow in layer (2) is fine-grained and less dense than the lower layers. At the218

top of the avalanche track, layer (2) has a thickness of 2 dx “ 1.4m, and 1 dx “ 0.7m at the elevation of219

the run-out. Hence, as a sum of layers (1) and (2), the simulated snow pack has a height of 2.8m at the top220

of the avalanche track and 1.4m in the run-out. In areas where the slope angle is larger than 50˝, we only221

deposit the lower layer (1) of snow on the terrain, as in reality snow can not accumulate in considerable222

amounts in such steep terrain (McClung and Schaerer, 2006).223
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Fig. 4. Vertical snow profiles at stations WFJ2 (left) and SLF2 (right) with simplified snow layers (middle)

interpolated linearly between the two stations.

The mechanical properties of snow are notoriously difficult to assess, as the behavior depends on the224

complex crystalline micro structure of snow pack which is constantly transformed by metamorphosis pro-225

cesses (e.g. Hagenmuller, 2014; Bader and others, 1939). Hence, the mechanical snow properties are highly226

sensitive to the atmospheric and load conditions, and may vary across multiple orders of magnitude as a227

consequence. For our simulation, we therefore use estimates of the mechanical properties of the old snow228

layer (1) and and fresh snow layer (2), as summarized in Table 1. We estimate these mechanical parameters229

based on mechanical test measurement values from literature (e.g. Jamieson and Johnston, 1990; Mellor,230

1974; Shapiro and others, 1997; Casassa and others, 1991; Willibald and others, 2020) and previous mod-231

eling work with MPM (e.g. Li and others, 2022b, 2020, 2021; Gaume and Puzrin, 2021; Wolper and others,232

2021; Cicoira and others, 2022). While some of the parameters such as E, ν, ρ, σten, M can be estimated233

based on a well-founded set of measurement data, others, such as the dynamic quantities Mflow and ξ, are234

harder to measure and therefore less measurements exist. We discuss the choice of these parameters in235

section 5.236
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Because layer (1) consists of old and well consolidated snow, we implement a higher density of ρ “237

250 kg/m3, a compressive strength of p0 “ 200 kPa and a tensile strength of σten “ 5 kPa, compared238

to the fresh snow in layer (2), for which we implement ρ “ 150 kg/m3, p0 “ 180 kPa and σten “ 1 kPa (e.g.239

Jamieson and Johnston, 1990; Jamieson, 1988).240

The rest of the parameters of the mechanical model in equations (4)-(1) are equal for both layers (1) and (2).241

242

Table 1. Mechanical properties of the simplified snow layers (1) and (2)

Property Layer (1) Layer (2)

E (MPa) 3.0 3.0

ν (´) 0.3 0.3

ρ (kg{m3) 250 150

p0 (kPa) 200 180

σten (kPa) a 5.0 1.0

M (´) b 0.98 0.98

Mflow (´) 0.37 0.37

ξ (´) 0.1 0.1
a β in equation (1) is calculated as β “ σten{p0

b The internal friction angle φ is calculated

from M with: φ “asinp3M{p6`Mqq

3.4 Modeling of the topography243

For our case study, we simulate the avalanche flow on a terrain surface based on a digital elevation model244

obtained from the Swiss Federal Office of Topography with a resolution of 2m. For simulating the snow245

pack and the avalanche with MPM, we discretize the whole bounding volume of the avalanche track with246

a spatial resolution of dx “ 0.7m leading to a total number of 23 million particles. This is at the limit of247

what our current computational infrastructure (126GiB Memory, 36x 3.00GHz IntelrCore™ i9) is able to248

handle.249

Because we explicitly simulate the erodible snow cover on the entire terrain, the avalanche front, a key250

determinant of avalanche dynamics, predominantly interacts with the erodible snow rather than the terrain251

contour, in contrast to many state-of-the-art numerical avalanche models. Consequently, in our simula-252

tions, terrain friction assumes a subordinate role in influencing flow resistance, but primarily serves to253
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stabilize the erodible snow cover on the terrain, particularly in regions with steep slope angles.254

Consequentially, as mentioned in section 3.3, the avalanche flow is initiated where the load of the weight of255

the snow cover induces yielding of the material, because the weight is not sufficiently counterbalanced by256

friction at the ground. In order to stabilize the static snow cover on the steep terrain at an altitude above257

1700m a.s.l., we implement a ground friction coefficient fc “ 1.0. In the lower elevations, the terrain is258

flatter and a ground friction coefficient of fc “ 0.33 is sufficient to stabilize the snow pack.259

With the spatial resolution of 0.7m, we are not able to resolve the natural release process, which includes260

the collapse of a „ 10mm thick weak snow layer. Therefore, to destabilize the static snow cover in the261

primary release area, instead we implement a reduced ground friction coefficient fc “ 0.33 in the region262

of the primary and the two secondary release areas mapped in the drone survey. With this setup the263

avalanche flow is initiated in the region of the primary release due to the steepness of the terrain. In the264

secondary release areas the slope is slightly less steep and the snow pack is meta-stable. This means that265

the snow cover is initially stable and the snow only starts to flow due to the disturbance induced by the266

avalanche flowing nearby.267

The two ground friction coefficients fc “ 1.0 and fc “ 0.33 used in our model are thus calibrated to capture268

the stability or instability of the snow cover in the real event. In this context it is also important to note269

that, due to the transfer functions described in section 3.1 the boundary friction not only affects particles270

directly at the boundary but up to a distance of 1.5 times dx from the terrain contour away. We highlight271

and discuss the influence of the boundary friction on the simulation results in sections 4 and 5.272

Moreover, due to our limitations of computational power, we are not able to fully resolve the interaction of273

the avalanche with the lake and the ice in the run-out zone. While MPM is well suited to simulate multiple274

materials and their interaction in a single simulation without the need of specific coupling, the volumes275

of the ice and the water body in addition to the snow pack on the whole terrain make the simulations276

computationally too heavy to run on our current infrastructure. Hence, in agreement with the observations277

of the real avalanche described in section 2.4, which show that the ice-sheet does not break immediately278

when the avalanche crosses the lake, we assume that the avalanche head is gliding on an intact ice surface279

until it reaches the maximum run-out. We therefore simulate the ice surface of the lake as a solid with a280

reduced friction coefficient of fc “ 0.1, as we assume that the basal friction for the flow on the ice is low281

compared to the rest of the terrain.282

283

https://doi.org/10.1017/aog.2024.14 Published online by Cambridge University Press

https://doi.org/10.1017/aog.2024.14


Michael L. Kyburz et al.: Potential and challenges of novel 3D MPM avalanche simulations 14

4 MPM SIMULATION RESULTS284

4.1 Avalanche front approach velocity285

In land-use planning the avalanche velocity is important for practitioners to calculate the impact pressure286

and thus to define different hazard levels. Because avalanches are complex, three-dimensional and time-287

dependent flows, the velocities of different parts of the flowing snow within an avalanche may greatly vary288

even at a single instant (e.g. Sovilla and others, 2018). In the present analysis we consider the avalanche289

front approach velocity vfront, representing the speed at which the avalanche front moves down-slope.290

Although vfront does not capture extreme local velocity peaks, this quantity is a good indicator of the291

dynamics at the avalanche front. In order to analyze if this crucial dynamic quantity is reproduced well in292

the numerical model, we compare the simulated avalanche approach velocity to the approximate approach293

velocity extracted from a video taken by an eyewitness (section 2).294

In order to extract the simulated front velocity shown in Fig. 5 a, we define the avalanche front by applying295

a particle velocity threshold of 1m/s, which we use in all our analyses in the present article, to distinguish296

the static snow pack from the flowing avalanche mass. We define the avalanche front as the point of the297

flowing mass, which is furthest down-stream the slope, and thus at the lowest elevation. The velocity is298

then calculated by dividing the distance covered by the avalanche front in a time interval ∆t “ 2 s by the299

time interval ∆t. The fluctuations indicated by the error bars in Fig. 5 a indicate peak values of vfront if we300

choose ∆t “ 0.25 s, which is the maximum temporal resolution at which we export our simulation results.301

A sensitivity analysis on vfront and ∆t is provided in the Supplementary Material.302
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Fig. 5. Panel a shows vfront extracted from the MPM simulation (solid blue line with fluctuations visualized by

the error bars), as well as a comparison of the time-averaged simulated vfront (dashed blue line) compared to the

approach velocity extracted from the eyewitness video (dashed red line) over the same time periods. The black

dashed lines and the corresponding numbers indicate the time at which the avalanche front passes the locations used

to calculate the front velocity from the video. Panel b shows the same locations marked with crosses and video frames

of the avalanche passing these locations in the insets. The main avalanche flow path is indicated with the red dotted

line. Map source: Swiss Federal Office of Topography.

In Fig. 5 a, we observe that during the first 50 s the avalanche approach velocity increases initially, with303

the exception of two main velocity drops after 20 s and around 40 s in the simulation. These drops can be304

attributed to the release of secondary release areas. Indeed, our algorithm detects the accelerating particles305

in the release areas as the new front since they are further down the slope than the head of the avalanche306

itself. After the onset of the flow in the secondary releases, the front velocity in Fig.5 a increases again as307

the mass builds up momentum.308

Consistently with the steepness of the avalanche path, in Fig. 5 a we observe the highest avalanche approach309

velocities of « 50m/s in the section of the gully between approximately 55 s and 75 s. After the exit of the310

gully the avalanche flows on the flatter terrain between points 3 and 4, and vfront starts to decrease. The311

avalanche finally stops at 103 s on the other side of the lake.312

In Fig. 5 a, the error bars indicate that the simulated vfront exhibits large fluctuations. It is important to313

note that the velocity peaks up to 100m/s are short lived and are most probably generated by a transient314

structure forming at the avalanche front, and therefore, do not necessarily correspond to the avalanche’s315

approach speed. This peak velocity is the maximum of a velocity fluctuation and is representative of snow316

particles moving in transient flow structures, such as surges, which are faster than the avalanche approach317
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velocity.318

In order to make a direct comparison between the simulated vfront and the avalanche approach velocity319

extracted from the video, we average the simulated vfront (blue dashed lines in Fig. 5 a) in the same seg-320

ments as in the video (red dashed lines in Fig. 5 a). We find a good agreement between the simulated and321

recorded average front velocities in all three segments. For the first segment (points 1-2), the simulated322

velocity is 5.1m/s higher than the one extracted from the video, which is the maximum absolute error and323

is almost within the error of 5m/s we estimate for the approach velocity extracted from the eyewitness324

video. The relative error between the velocity extracted from the eyewitness video and the simulated325

front velocity averaged over the same period is 12.1%, 6.3% and 10.1% between points 1-2, 2-3 and 3-4 in326

Fig. 5 b, respectively.327

328

4.2 Avalanche flow outline and velocity distribution329

Figure 6 a shows a comparison between the flow outline of the dense avalanche flow mapped from the330

orthophoto compared to the simulated flow outline. Identical to the analysis in the previous section 4.1, we331

use a velocity threshold of 1m/s to distinguish the static snow pack from the flowing avalanche mass, and332

thus define the simulated flow outline. Figure 6 b shows the distribution of the maximum avalanche flow333

velocity magnitude max(|v|). To be able to visualize the depth and time resolved velocity data on the 2D334

map, we calculate the depth-averaged velocity magnitude of the particles within 2m by 2m northing and335

easting aligned cells for every time step and take the maximum over all simulation time frames.336
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Fig. 6. Panel a shows the outline of the simulated flow (white area, delimited by black line) compared to the dense

flow outline (purple line). The domain boundary of the simulated snow cover is marked with the gray dashed line.

Panel b shows the distribution of max(|v|). Map source: Swiss Federal Office of Topography.

Overall, there is a good match between the simulated and measured flow outline shown in Fig. 6 a.337

The simulated avalanche reproduces the correct run-out distance, with the avalanche coming to rest at338

the other shore of the lake, as well as, minor details such as small side arms breaking away from the main339

flow path. The markers 1) - 4) in Fig. 6 a highlight a selection of points, where we find major differences340

between simulation and measurements or which we consider important to evaluate and discuss the capacity341

of MPM to capture relevant dynamical processes. The most significant difference is the lateral spreading342

of the avalanche in the run-out area, between the gully and the lake (point 1 in Fig. 6 a), where the flow is343

narrower in the simulation compared to the drone survey. We identify another difference close to the houses344

of the settlement “Meierhof” (point 2 in Fig. 6 a), where in the simulation a small area of snow releases,345

but remained stable in the real avalanche event. Further minor differences can be found at the entrance of346

the gully and at the starving arm of the avalanche close to the upper secondary release area (points 3 and347

4 in Fig. 6 a, respectively), where the simulated avalanche eroded less snow than the real one.348

When reporting relatively small errors between the flow outlines from the dense flow avalanche simulation349

and from the drone mapping of a powder snow avalanche, it is important to be aware, that the distinction350

of the dense flow and the powder part is not always obvious from the orthophoto of the drone mapping as351

mentioned in section 2.1.352

The distribution of the simulated maximum avalanche velocity magnitude over all time frames max(|v|)353

in Fig. 6 b shows a similar trend as the avalanche front approach velocity vfront in Fig. 5 a. In the upper354
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part of the path above the gully, the avalanche is building up momentum, which is however interrupted by355

the secondary releases. In the middle section of the flow, where avalanche flows in the gully, the velocity356

maximum is high, and also exhibits large fluctuations similar to the fluctuations indicated by the error357

bars in Fig. 5 a. Consistently with Fig. 5 a, Fig. 6 b also shows a rapid deceleration of the avalanche on the358

flatter and open slope between the gully and the lake.359

4.3 Snow erosion and deposition360

To check how well the 3D MPM model is able to reproduce erosion and deposition patterns of the real361

avalanche event, we compare the snow height distribution measured in the photogrammetric drone survey362

(section 2) shown in Fig. 7 a to the simulated snow height distribution in Fig. 7 b.363
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Fig. 7. Panel a and b show the measured and simulated snow deposition height distribution, respectively. Panel c

shows a comparison of the the measured (black solid line) and simulated deposition heights (scattered data points,

colored according to the density), along the transect marked with the red line in panel a and b. Map source: Swiss

Federal Office of Topography.

In both panels a and b in Fig. 7, we can see that outside of the white avalanche flow outline, there is364
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the general trend of increasing snow height at increasing elevation. If we compare panel a to panel b, we365

see that although this tendency is captured in our model setup, the snow cover is clearly idealized in the366

numerical model. In reality (panel a), the snow height distribution outside of the avalanche outlines is367

not homogeneous. Towards the summit of Salezer Horn the variability of the snow height increases and368

varies between 0.1m and 6.0m over a distance of 30m in extreme locations. In contrast, in the numerical369

model, we implement a homogeneous snow height of 2.8m near the summit of Salezer Horn, corresponding370

approximately to the average of the snow heights reported from the drone measurements. The agreement371

between our simplified snow cover in the model is better towards the bottom of the slope, where the real372

snow is distributed more homogeneously.373

Figure 7 shows that the simulated avalanche eroded nearly all of the snow cover in large parts of the374

avalanche track, which is in good agreement with the measurements. Moreover, the location and height of375

large snow deposits in the simulation mostly coincide between panel a and panel b. We identify the largest376

differences between measured and the simulated snow deposition heights in the run-out zone on the slope377

between the gully exit and the tunnel protecting the road (points 3 and 4 in Fig. 5). There, the simulated378

deposition heights reach a maximum of 8.5m, and are therefore a factor 1.5 to 2 higher than in the drone379

measurement.380

Figure 7 c, shows a comparison of the measured and simulated snow deposition in a 0.7m“ 1 dx wide381

transect along the main flow path of the avalanche, visualized by the red line in panels a and b. Especially382

where the deposits are high, we can clearly identify that the numerical model captures material densifica-383

tion, as the snow density increases from the top of the deposits towards the ground. In locations, where384

deposits are up to 4m high, the simulated density in the deposits can reach up to 483 kg/m3 close to the385

ground on average, while the maximum implemented snow density of the initial snow pack is 250 kg/m3.386

In the first 500m of the avalanche path, we can identify the primary and the upper secondary release area,387

where simulated and measured snow height suddenly drops by several meters.388

At the entry and the exit of the Salezer Tobel gully, located at 800 ´ 1300m on the x-axis in Fig. 7 c,389

the measured deposition heights vary between 2´4m, while in the middle section of the gully almost no390

deposits are present. The simulated snow deposits are in good agreement except in the middle section,391

where the numerical model computes depositions heights of 2´4m. On the flatter slope between the gully392

exit (point 3 in Fig. 5) and the lake, the numerical model and the drone survey both show that most of the393

snow on the main avalanche track is eroded and almost no deposits are present, as shown in Fig. 7 c.394
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4.4 Intermittent and transient flow features395

Our simulations allows us to also closely investigate complex and time-dependent dynamic flow features,396

which evolve naturally during the avalanche descent. Figure 8 a shows the temporal evolution of the simu-397

lated avalanche flow velocity at a fixed location in the Salezer Tobel gully between point 2 and point 3 in398

Fig. 5 b. Figure 8 b shows a rendered 3D view of the flow shown in Fig. 8 a at the t “ 63 s in the simulation399

when the avalanche front is at the location corresponding to the velocity data in panel a.400

a                                                                                   b                   

c                                                                             d                                              

V
e

lo
c
it
y
 (

m
/s

)

70

30

0

H
e

ig
h

t 
(m

)

20

15

10

5

0
60     70               80               90

Time (s)

t1 t2

H
e
ig

h
t 
(m

)

10

5

0

Velocity (m/s) Density (kg/m3)

t1 t2

0                           30                           70
Velocity (m/s)

static bed
0       50    0              50    0            50 

t3

t3 t1 t2 t3

H
e

ig
h

t 
(m

)

10

5

0
0       250  500 0       250 500 0      250 500

static bed

H
e
ig

h
t 

(m
)

5

2.5

0
62 63   64   65

Time (s)

Fig. 8. Analysis of the simulated avalanche front flow behavior in a fixed location. Panel a shows the temporal

evolution of flow velocity near point 2 in Fig. 5 b as a function of the flow height. The inset shows a close-up of the

same data at the flow front. Panel b shows a rendering of the avalanche front at the location where we extract the

velocity in panel a. Panels c and d show the vertical velocity and density profiles at t1, t2, t3 indicated in panel a,

respectively.

Each pixel in Fig. 8 a is colored according to the averaged particle velocity in cells of 2 dx by 1 dx by401
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0.5 dx, in the main flow direction, the transverse and the vertical direction, respectively. The flow velocity402

is highest at the free surface of the flow near the avalanche head with a maximum velocity of 57m/s. The403

close-up of the flow front in the inset shows how the static snow cover colored in gray is entrained by the404

avalanche. The entrainment is also visible in panel c, showing the pixel velocity as a vertical profile, where405

at t1 only particles on top of the static snow cover and at t2 also the particles closest to the ground are406

moving. For the time step t1, panel d shows that the snow which is only just entrained by the avalanche407

remains relatively loose with densities smaller than 100 kg/m3 in the flowing part. At instant t2, the density408

is almost constant with some fluctuations around a mean value of 174 kg/m3, which is in between the initial409

densities of 150 kg/m3 and 250 kg/m3 of the two snow layers. Considerable compaction only occurs later,410

between t2 and t3, where the snow density increases up to a maximum of 475 kg/m3 at the bottom of the411

dense flow. As indicated by the density in the final snow deposits in Fig. 7 c, later the snow is not further412

compacted.413

Intermittent flow structures in the frontal region of the avalanche, similar to the ones shown in Fig. 8 a,414

where a part of the snow mass is detached from the ground contour and the dense flow, are also observed415

from real scale experimental measurements of large powder snow avalanches (Sovilla and others, 2018)416

flowing in a similar configuration in a gully in the Vallée de la Sionne (VdlS) full-scale test site in Switzerland417

(Ammann, 1999). For better visualization of these intermittent flow structures in the frontal region of the418

avalanche, Fig. 8 b shows a 3D spatial rendering of the flow shown in Fig. 8 a, at the moment when the419

avalanche front is at the location where the velocity is analyzed in Fig. 8 a.420

Figure 9 a shows a qualitative comparison between the temporal evolution of the simulated vertical slope-421

normal component of the flow velocity for the same location used in Fig. 8 a, and measurements performed422

at VdlS at the front of a powder snow avalanche using an upward-facing FMCW radar measurement (e.g.423

Gubler and Hiller, 1984), which are displayed in the inset of the same figure. Two striking similarities424

are evident when comparing the simulated and measured flow features in panel a and the inset in Fig. 9.425

First, we observe that the surface of the dense flow exhibits an undulated shape in both plots. Second, the426

comparison also shows that in the simulation, as well as in the FMCW radar measurements, large snow427

clusters are detached at a distance above the basal dense flow. The simulated slope-normal velocities in428

Fig. 9 a are overall small, up to „ 10 % compared to the velocity magnitude (Fig. 6 b, Fig. 8 a). Positive429

and negative velocities in Fig. 9 a, indicate that clusters of snow are moving upwards and downwards,430

respectively.431
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To better understand the relevance of velocity component in the flow-depth direction, in Fig. 9 b, c and d,432

we visualize the simulated spatial distribution of the slope-normal flow velocity vn at the t “ 63 s when the433

avalanche front is at the location for which the velocity data in Figs. 8 a,b and 9 a is plotted, as well as at434

t “ 92.5 s. Similar to Fig. 5 b, we calculate the depth-averaged slope-normal velocity of the particles within435

2m by 2m northing and easting aligned cells. Figure 9 b shows the variation of the terrain slope and the436

slope-normal velocity at t “ 63.0 s and t “ 92.5 s in the simulation in a 500m long transect in the gully,437

which is indicated between the tips of the red arrows in panels c and d. The gray dashed lines highlight438

the correlation between the peaks of slope-normal velocity and sharp changes of terrain slope in the upper439

and lower plot, respectively. While vn is mostly smaller than 5m/s, both curves of slope-normal velocity440

exhibit peaks of slope-normal velocity in the range of 5m/s´10m/s. A comparison of vn at t “ 63.0 s and441

t “ 92.5 s in Fig. 9 b reveals that the peaks, particularly in the distance range of 120m to 170m, tend to442

be higher for the green curve at t “ 63.0 s. The green curve corresponds to a phase when the avalanche443

front is traversing the terrain at a higher absolute velocity (Fig. 8 a), as opposed to t “ 92.5 s when the444

same terrain section is being traversed by the tail of the avalanche at a lower velocity, and thus with lower445

kinetic energy.446

In Fig.,9,c and d, it is evident that both upward and downward particle movements occur throughout the447

entire avalanche flow. Notably, elevated values of vn are predominantly observed at the avalanche front.448

Moreover, high absolute values of slope-normal velocity vn are most pronounced in the steep, channeled flow449

section in the gully, where the avalanche reaches the maximum velocities. Meanwhile, both panels c and450

d show concurrently that the magnitude of the slope-normal velocity is relatively small in the upper part451

of the avalanche path before the gully, where the avalanche is accelerating. Finally, to help the interested452

reader to gain a better insight in these complex and temporally and spatially highly variable flow structures,453

we include a rendered video of the simulated avalanche in the online Supplementary Material. In this video,454

we visualize the slope-normal velocity component of the flow.455
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Fig. 9. Panel a shows the simulated time evolution of the flow height (y-axsis) and slope-normal velocity (color

map) corresponding to the same location as in Fig. 8 a. The inset shows the temporal evolution of flow depth

measurements from an upward-looking FMCW radar, installed in the gully of VdlS. Panel b shows the slope-normal

velocity at t “ 63.0 s and t “ 92.5 s in a 500m long transect in the gully and the terrain slope, in the upper and lower

plot, respectively. The gray dashed lines highlight the correlation of exemplary peak values in both plots. Panel c

and d show the distribution of the slope-normal velocity vn at time t “ 63.0 s and t “ 92.5 s. The transect for which

the slope-normal velocity and the slope angle are visualized in panel b is a straight line between the two red arrow

tips. Map source: Swiss Federal Office of Topography.

5 DISCUSSION456

5.1 Model novelty and physical relevance457

While previous studies tackled simulating 3D depth-resolved avalanches on a full-scale real topography458

(e.g. Sampl and Granig, 2009), to the best of our knowledge, in this article we present the first simulation,459

where we additionally explicitly simulate the snow entrainment. The simulation domain is approximately460

2.5 km long and 800m wide, which results in a total volume of the simulation domain of 570Mm3 and 23M461
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simulated snow particles. We also simulate the snow conditions on the day of the event using measurement-462

driven SNOWPACK simulations and use corresponding estimates of the mechanical snow properties from463

literature.464

Despite the aim to simulate physical processes as close to reality as possible, we have to simplify the465

simulations to keep the calculation time within reasonable limits. Due to limited computational power466

(see also section 5.3), we do not explicitly resolve the ice-sheet and the lake water in the simulation, but467

we consider the ice-sheet as a rigid boundary. Because observations from the helicopter crew presented468

in section 2.4 indicate that the ice only cracked with some delay after the avalanche head already reached469

the maximum run-out, we think this approximation is acceptable and should not influence the simulated470

run-out considerably.471

Furthermore, due to the coarse grid resolution dx “ 0.7m, we simplified the snow cover stratification in472

only two layers and assume that the collapsed weak layer where the avalanche releases was near the ground.473

This solution was acceptable in our case, but the course definition of the snow cover can become a problem,474

if in another event the snow pack is composed of thin layers with markedly differing mechanical properties475

or the weak layer is further from the ground.476

Another simplification in the numerical model is the elevation dependent snow height distribution according477

to engineering guidelines (Margreth, 2007). The comparison shown in Fig. 7 with the photogrammetric478

drone survey indicates that the real snow distribution is characterized by a large variability in snow height,479

as a result of both, wind-induced preferential deposition of snow (e.g. Dadic and others, 2010), and previous480

avalanche activity. This may influence the avalanche flow, because in locations with large wind drift deposits481

the snow pack may easily become unstable, while in locations, where the snow is blown off by the wind or482

transported away due to previous avalanche activity, an avalanche may starve or not release. In order to483

improve this, the model could for example be coupled with an algorithm calculating the snow drift based on484

meteorological data in the specific topography (e.g. Alpine3D (Lehning and others, 2006)), which would,485

however, significantly increase the model’s complexity.486

Despite these simplifications and rough estimates of the mechanical snow properties based on literature487

data, the simulation results are in good overall agreement with the real avalanche event, as shown in shown488

in Figs. 5, 6 and 7, suggesting that even with these assumptions the 3D MPM model is able to capture the489

most important flow processes in our case study. The good agreement between the simulated and mapped490

flow outline despite the major simplifications made to the snow cover definition also indicates, that the491
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detailed layering simulated with SNOWPACK only plays a minor role for the overall dynamic behavior.492

Based on a sensitivity analysis with altered snow pack characteristics (see Supplementary Material), we493

assume that the most important factor is the presence of an erodible snow cover of sufficient height and494

erodability, i.e. low compressive strength. The interaction of the flowing avalanche with the static snow495

cover on the terrain allows for volume gain or loss of the avalanche by eroding or depositing snow on the496

path, which also governs the overall dynamics of the avalanche (Schweizer and others, 2009).497

5.2 Insight into avalanche flow processes498

Thanks to the three-dimensional nature of our MPM simulations, the model explicitly resolves snow erosion499

and deposition processes without the need for a conceptual model or empirical relationship. For example,500

Fig. 8 a shows how the snow cover is entrained by the avalanche front. Figure 7, shows that in our case501

study the model is able to reproduce the most important deposition patterns of the real event qualitatively.502

The simulated snow deposits are mostly located on terrain with moderate slope angles below 30˝ below503

the gully, in agreement with the findings of Sovilla and others (2010), who state that snow deposition504

mainly occurs on terrain with slope angles ď 33˝. However, in the steep middle section of the gully, the505

model also simulates large snow depositions, which are not observed in the real event and are not likely to506

occur anywhere else in such steep terrain (Sovilla and others, 2010). A probable explanation for the large507

simulated deposits in the gully is the boundary friction in the model, which also acts at a distance as far508

as 1.5 dx due to the transfer functions used in the numerical scheme. Hence, where the terrain is concave509

and curvature is high enough, such that the 1.5 dx distance bands from both sides of the gully overlap,510

the boundary friction is applied twice to the particles in the overlapping zone. Similarly, the difference in511

lateral spreading in the run-out zone of the simulated avalanche compared to the lateral extent mapped512

from the drone data can partly be attributed to the influence of the boundary condition. Because the snow513

height decreases with elevation, the boundary condition, acting on particles at the same distance from the514

terrain ď 1.5 dx everywhere, influences a larger fraction of the snow pack in the run-out zone compared515

to higher elevations, where the snow cover is thicker. Finally, not only the simulation, but also the drone516

measurement may be fraught with error due to inaccuracies including e.g. the presence of high grass or517

bushes in the summer DSM, from which the snow surface height registered by the drone is subtracted (e.g.518

Vander Jagt and others, 2015). This may lead to a small underestimation of the measured snow deposition519

height, which is, however, considerably smaller than the difference in deposition height we observe between520
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Figs. 7 a and b.521

Figures 7 c and 8 d show that the model captures snow densification in a realistic way. Indeed, the range522

of density values with the highest densities near the bottom and the densification occurring progressively523

during the avalanche flow, is consistent with field observations (e.g. Gauer and others, 2007; Sovilla and524

others, 2006). In the cohesive Cam Clay constitutive model, which we use for snow, the densification525

mainly depends on the hardening factor ξ in equation (4). In the present case study, we choose ξ “ 0.1526

according to Cicoira and others (2022), which results in density values of the simulated snow depositions527

close to values measured from real avalanche deposits (e.g. Gauer and others, 2007; Issler and others, 2020;528

Sovilla and others, 2006; Steinkogler and others, 2014).529

As shown in Fig. 5 a, the averaged approach velocity extracted from the simulations matches with the front530

velocity extracted from the video. Figures 8 a and 9 suggest that short-lived velocity peaks, akin to those531

in Fig. 5 a, could be generated by transient processes. These may include material jets expelled from the532

basal dense layer or pulsating activity at the surface of the basal dense layer induced by waves or surges.533

Indeed, such intermittent activity has also been observed in the frontal region of powder snow avalanches534

at the VdlS (Sovilla and others, 2018; Köhler and others, 2018) and at the Ryggfonn full-scale test site in535

Norway (Gauer and others, 2007). While the origin of these transient structures in the measurements is536

not yet fully clarified, it is often assumed that turbulence in the suspension layer may play an important537

role for their origin and dynamics.538

Although in our simulation we do not include the interaction with the ambient air, we still observe material539

clusters detached from the dense flow similar to full-scale powder snow avalanches shown in Fig. 9 a. More-540

over, panels b, c and d in Fig. 9, show non-negligible slope-normal velocity components up to „ 10m/s.541

The plots of the slope angle and vn for two different instants in a transect in the gully in Fig. 9 b imply542

that peak values of positive and negative slope-normal velocity are attained if the variations in slope angle543

and the kinetic energy of the flow are high. Consequently, our simulation results imply that a significant544

portion of the snow clusters observed in intermittent structures within powder snow avalanches probably545

originates from the ejection of particles from the basal dense flow. The ejection takes place due to the546

interaction of the snow mass, flowing with high kinetic energy, and the terrain, characterized by large547

slope variations that redirect the momentum of specific portions of the flowing mass in the slope-normal548

direction.549

Although a more comprehensive analysis of the simulated flow features could be conducted with improved550
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field measurement data from the event, our case study already demonstrates the potential of 3D MPM551

as a valuable tool to enhance the comprehension of the processes contributing to the particle-lading of552

the powder cloud. These processes may influence the particle concentration and frequency of the inter-553

mittent structures at the avalanche front, where the largest part of the flow energy and destructiveness554

are concentrated, and are, therefore, important for engineers to identify critical pressure peaks avalanches555

exert on infrastructure (Brosch and others, 2021; Gorynina and Bartelt, 2023; Eglit and others, 2007; Mast556

and others, 2014). In addition, equally important velocity profiles including the slope-normal component557

(Fig. 9), which is relevant for uprooting structures, can be extracted 3D MPM simulations. Moreover, the558

level of physical detail in our results of this case study highlight, that physics-based 3D MPM have the559

potential to be used in research to increase the understanding in avalanche flow dynamics.560

5.3 Current limitations and future developments561

To date, and even with a computationally efficient method such as the 3D MPM model we use in this study,562

fully 3D simulations of real-scale events with vast extents such as in our case study are still challenging.563

In addition to the simplifications mentioned previously, e.g. the assumption that the ice-sheet on the lake564

is rigid, we use the maximum grid resolution of dx “ 0.7m achievable with our computational resources.565

As mentioned earlier, this implies simplifications in the representation of the snow cover layering and the566

avalanche release mechanism (section 5.1).567

Furthermore, the coarse grid resolution also influences the dynamic behavior, because the boundary con-568

dition affects particles up to 1.5 dx “ 1.05m away from the terrain surface due to the transfer functions569

used in the numerical scheme. In order to stabilize the initial snow pack on the terrain and create meta-570

stable snow cover conditions for the secondary releases, we implement calibrated friction values of fc “ 1.0571

and fc “ 0.33 at the boundary. In the future, a more prediction-oriented numerical model could involve572

an implementation where the boundary condition exclusively influences adjacent particles. Additionally,573

incorporating pre-computed boundary friction values based on a hysteretic friction model (e.g. Daerr and574

Douady, 1999; Pouliquen, 1999), could facilitate the representation of meta-stable snow cover conditions.575

Once computed, these friction values may be applied in potential release areas identified through appro-576

priate techniques, such as those outlined by Bühler and others (2018).577

To compensate for the relatively high boundary friction values fc “ 1.0 and fc “ 0.33 needed to stabilize578

the snow pack, we choose Mflow as low as physically reasonable. Hence, we choose Mflow “ 0.37 such579
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that it corresponds to an internal friction angle of φflow “ 10 ˝, which is in the lower range suggested by580

Casassa and others (1991) for very cold and dry snow. The static values M “ 0.98 and φ “ 25 ˝ are in a581

normal range compared to measurements (Casassa and others, 1991; Platzer and others, 2007; Willibald582

and others, 2020).583

Another major shortcoming of our model is that the interaction between the snow particles and the ambi-584

ent air is not captured. This implies that the 3D MPM model inherently simulates dense flow avalanches.585

Hence, air turbulence or fluidization, which debatably may occur due to pore pressure increase near586

avalanche head, are not taken into account. However, these processes have a considerable influence on587

the erodability of the snow pack (Issler, 2022; Louge and others, 2011). The reduced snow particle mobility588

due to lacking fluidization is probably also an important reason, why in the run-out zone between the gully589

and the lake (points 3 and 4 in Fig. 5), we observe less lateral spreading in the simulations compared to590

the mapped outline form the drone survey. Probably the non-fluidized particles in the simulation are less591

mobile than in reality, leading to a channeling of the flow instead of lateral spreading. The smaller lateral592

spreading further results in an overestimation of simulated snow deposition heights, as the avalanche mass593

is distributed over a smaller area than in reality, and thus, leaving higher deposits. In the future the issue594

of the boundary condition influencing snow particles up to a distance of 1.5 dx from the terrain could be595

avoided by implementing analgorithm similar to BFEMP at the boundary (Li and others, 2022a).596

Furthermore, we address the challenge of the computational cost of our challenges already now and in597

the future, e.g. by developing an“activation” based simulation strategy, where the relevant equations are598

only solved for particles currently involved in physical action, instead of the whole static erodible snow599

pack. Moreover, in the future the MPM model should support highly parallelized GPU-based simulations600

in addition to CPU. A recent study showed that GPU implementation of MPM could make simulations,601

currently lasting up „ 53 hours, up to 16 times faster than CPU-based codes (Gao and others, 2018).602

6 CONCLUSIONS603

In this article, we test the potential and challenges to simulate large, full-scale snow avalanches with604

a novel depth-resolved and fully three-dimensional MPM model. To get an indication of how well the605

model performs, we compare the simulation results to the well-documented Salezer snow avalanche, which606

occurred in January 2019 in Davos, Switzerland. Despite these simplifications, we find that the simulations607

results are in good agreement with the observations from the real avalanche, particularly the avalanche608
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approach velocity extracted from an eyewitness video and the flow outline mapped in a drone survey.609

Furthermore, the model reproduces the most important erosion and deposition patterns of the real event610

in a qualitative manner. However, quantitatively the simulated snow deposits are, locally, up to twice611

as high as the deposits mapped in the photogrammetric drone survey. We identify two reasons for this612

discrepancy, which also highlight the two main limitations of the model. First, as the model does not613

include the ambient air in the simulation, we are limited to simulate the basal dense flow of the avalanche.614

Second, due to the particle-to-grid transfer functions we use, the boundary friction affects snow particles615

up to 1.5 dx away from the terrain, which introduces an artificially high resistance to the flow, which could616

be avoided in the future by implementing another transfer algorithm at the boundary (e.g. BFEMP, (Li617

and others, 2022a)).618

Furthermore, we explore the potential of the 3D depth-resolved model by analyzing intermittent flow619

structures near the flow front in the gully and find that numerous snow particle clusters are ejected from620

the dense basal layer and remain at a distance above the basal dense flow for few seconds, even though621

the turbulent interaction of the snow particles with the air is not simulated. We speculate that these flow622

structures are generated at sudden changes in the topography in the gully, where the avalanche flow passes623

with high kinetic energy.624

Considering the level of physical detail of the results, especially concerning the transient flow structures at625

the avalanche front, we conclude that the model has a high potential to be used to perform in-depth analyses,626

particularly to identify critical impact pressure peaks due to transient flow structures. Furthermore, the627

model could also be used in research to investigate on dynamic flow features, which are difficult to measure628

in the field. Finally, in the context of a warming climate with changing frequency and characteristic of629

the snow avalanche hazard, physics-based modeling approaches such as the MPM model presented here,630

will become increasingly important for hazard assessment, as models calibrated with historic data, while631

valuable, may have limitations in capturing the evolving physical processes.632
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