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ABSTRACT: Avalanche engineers use scenario-based simulations to predict avalanche runout and 
quantify impact pressures. An important input parameter for such simulations is the avalanche return 
period. In Switzerland, 10-, 30-, 100-, 300- and > 300-year avalanche return periods are taken into 
account for hazard assessment. Another important input parameter is the fracture depth which is de-
termined with a procedure developed by SLF in 1990. Presently, the procedure provides no methodol-
ogy to include snow entrainment, snow temperatures or snow density. This limitation hampers the ap-
plication of advanced models that incorporate snow entrainment.  
The fracture depth is based on the determination of measured 3-day snow height increase using ex-
treme value statistical approaches. The statistical values are modified to include the effects of altitude, 
snow drift accumulations and terrain (slope angle). The procedure provides fracture depths d0 for e.g. 
10-, 30-, 100- and 300-year avalanche return periods. In this paper, we modify this well-known SLF 
procedure to determine snow entrainment depths d0* (erodible snow) which are associated with meas-
ured 3-day snow height increase. The erodible snow along the track is modified including altitude gra-
dients and the slope angle.  
Within the framework of the proposed methodology, we demonstrate how to specify snow temperatures 
that are suitable for typical winter storms in the Alps, depending also on the altitude of the release area. 
These recommendations are based on snow profiles recorded during storm periods with heavy snow 
fall of February 1999 and January 2018, 2019 and 2021. The final component of the procedure is to 
provide a realistic snow density for the fracture slab. 
The procedure is straightforward, easily integrated into existing workflows, and benefits from relying on 
measurement data, ensuring realistic predictions of entrainment and deposition heights. Crucially, this 
method enables the examination of avalanche runout in a shifting climate marked by rising tempera-
tures. 

KEYWORDS: Avalanche dynamics; snow entrainment, snow temperature, snow density, hazard eval-
uation, climate change. 

 

1. INTRODUCTION 

In this paper, we present a scenario-based ap-
proach for simulating large powder snow ava-
lanches. Our method builds on established calcu-
lation techniques used for dense flow avalanches 
(Salm et al., 1990), making it straightforward to 
integrate into existing workflows that are widely 
recognized and utilized by snow hazard engineer-
ing offices. The procedure begins by defining 
fracture depths d0 for various avalanche return 
periods, such as 10, 30, 100, and 300 years. 
These fracture depths are derived from measure-
ments and statistical extrapolation of three-day 
snow height increase, including wind-blown snow 
in the release area. 

Simulating the avalanche powder cloud and air-
blast requires additional elements in the calcula-
tion process, particularly snow entrainment.  
Snow entrainment changes the mass of the ava-
lanche, but, more importantly, the avalanche flow 
regime.  Entrainment of cold snow facilitates of 
the fluidized, collisional flow regime necessary for 
the formation of a large and fast-moving powder 
cloud. Many practical problems encountered in 
snow engineering practice require finding the 
strength of the powder cloud not only in the runout 
zone (the streamwise flow direction) but also for 
structures located near the lateral edges of the 
flow. This requires simulating the motion of the 
avalanche from initiation to runout.  Therefore, to 
accurately model the height of the cloud and in-
tensity of the avalanche air-blast requires consid-
ering the terrain in the release, transition and 
runout areas, the possibility of snow entrainment, 
as well as the climatic characteristics of the ava-
lanche track, typically represented by elevation 
and exposure (Stoffel et al., 2016, Interpraevent). 
Existing procedures for avalanche calculations 

* Corresponding author address:  
Lukas Stoffel, WSL Institute for Snow and Ava-
lanche Research SLF, Flüelastrasse 11, 
CH-7260 Davos Dorf, Switzerland 

tel: +41 81 417 0126  
email: stoffell@slf.ch 

Proceedings, International Snow Science Workshop, Tromsø, Norway, 2024

374



 

 

must therefore be expanded to account for snow 
entrainment and influence of temperature.  

In the following sections, we will use the 
RAMMS::Extended model (Bartelt et al., 2016; 
Zhuang et al., 2023) to demonstrate the features 
of our approach and present numerical results.  It 
is important to note that the proposed procedure 
is entirely general and can be applied with any 
model capable of incorporating entrainment, tem-
perature and simulating the formation of the pow-
der cloud.  The RAMMS::Extended model as-
sumes the dust-air mixture that forms the cloud is 
provided initial momentum and direction from the 
core.  Once separated from the core, it is no 
longer strongly connected to the terrain but flows 
as an inertial, turbulent suspension.   

2. OVERVIEW ON THE SCENARIO BASED 
APPROACH FOR CALCULATING POW-
DER SNOW AVALANCHES 

For the fracture depth d0, the size of the release 
area, and the friction parameters, we propose a 
dependency on the avalanche return period, sim-
ilar to the approach used in RAMMS::Avalanche 
since many years. The fracture depth d0 (perpen-
dicular to the slope) is calculated based on the 
increase in snow cover over a three-day period, 
derived from extreme value statistics of a meas-
urement field. The determination of the release 
area is largely at the discretion of the model user, 
allowing for flexibility based on specific condi-
tions. The friction parameters, defined as μ, ξ and 
cohesion, are dependent on the release volume. 

In the context of a powder snow avalanche sce-
nario, we assume these events typically occur 
during or shortly after winter storms, where signif-
icant amounts of new snow can be eroded along 
the avalanche track. For snow entrainment, we 
propose a basic value of erodible (new) snow, de-
noted as d0*. This value d0* can be calculated as 
part of a sub-step for estimating the fracture depth 
d0 (as detailed in Chapter 3).  In addition, we give 
a procedure that takes into account the decrease 
in erodible snow along the avalanche path as a 
function of elevation and slope angle. 

The snow temperature in the release area can be 
estimated based on our findings from snow profile 
studies conducted during storm periods (dis-
cussed in Chapters 4 and 5). Unlike other param-
eters, the snow temperature does not correlate 
with a specific return period. The colder the snow 
temperature, particularly within the range of -3°C 
to -8°C, the longer the calculated runout distance. 
Typically, a change in snow temperature along 
the avalanche track should also be considered.  

 

Snow density in the release area (respectively in 
the upper area) generally depends on the shape 
and size of the snow crystals, snow temperature, 
wind speed, relative humidity, the amount of new 
snow and the duration of the snowfall.  Three-day 
snow densification will be discussed in Chapters 
6 and 7. We have also analyzed measured snow 
densities from snow profiles. The typical new 
snow density in wind influenced release areas 
may vary between 150 and 200 kg/m3 at the top-
most meter (Swiss Alps). A higher density means 
more mass which leads to a longer run out. 

3. FRACTURE DEPTH AND BASIC VALUE 
OF ERODIBLE SNOW 

The fracture depth d0 is calculated as for dry 
dense flow avalanches according to the SLF pro-
cedure (Salm et al., 1990) as follows: 

1) Three-day snow height increase: extreme 
value statistical analysis of data from a repre-
sentative measurement field (preferably long-
term measurement series); based on the return 
period of the scenario to assess. 

2) Altitude correction: difference in altitude be-
tween the measurement field and the release 
area. For avalanche simulations in the Swiss Alps 
typically an increase of 5 cm / 100 m is used, see 
Salm et al. [1990]. 

3) Correction to 28° slope: Conversion of the 
snow height increase measured on a flat field 
(value of 1) and 2)) to a 28° inclined slope which 
is the basic value for the calculation of the fracture 
depth d0 and the depth of erodible snow d0*. For 
a slope inclination of 28°, a correction factor of 1 
is assumed in accordance with 5). 

4) Snow drift accumulation due to wind influence: 
depending on the return period and the terrain sit-
uation we still propose 0 to 50 cm [Salm et al., 
1990], which is added to d0*. If there is also a lot 
of wind-blown snow in the track, the value from 
step 4 can be used as depth of the erodible snow. 

5) Correction with mean slope angle (release 
area). We assume that more snow can accumu-
late on a relatively flat slope than on a steep slope 
before the release of an avalanche. Considera-
tion of the slope angle factor shown in Fig. 1 (e.g. 
factor 0.71 for a slope angle of 35°) → d0. 

This procedure is used to calculate the slope-per-
pendicular fracture depth d0. 
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Figure 1: Slope angle correction factor 
[Salm et al, 1990] 

Table 1 contains typical fracture depths d0 for the 
Swiss Alps for release areas around 2500 m and 
35°. 

Return 
period 

T=10y T=30y T=100y T=300y 

Frac. 
depth 
[cm] 

80 – 
110 

100 - 
140 

125 - 
170 

150 - 
200 

Table 1: Typical fracture depths d0 for avalanche 
simulations in Switzerland (based on SLF proce-
dure 1990), for release areas around 2500 m and 
a slope angle of 35°. 

The basic value d0* for the snow that can be 
eroded in the track can be calculated on the basis 
of the steps 1 to 3. The value of erodible snow d0* 
refers to a slope inclination of 28° and the height 
of the release area (or immediately below). 
RAMMS::Extended uses d0* to calculate the 
“snow cover” layer (Fig. 2) by taking into account 
the altitude and slope inclination for each terrain 
pixel.  

For the scenario-based calculation of powder 
snow avalanches, we recommend reducing d0* in 
the track by 3-5 cm / 100 m (= gradient Δd0*).  A 
Δd0* of 3 cm assumes that also a small part of the 
old snow cover can be eroded. 

Erodible snow is thus present in the entire ava-
lanche path with the exception of rocky terrain 
(steeper than typically 50 - 60°).  

When calculating avalanches, the available (new) 
snow is eroded in the avalanche path according 
to an erodibility coefficient that depends on terrain 
steepness.  Moreover, the erosion rate is faster 
on steeper slopes.  

 

Figure 2: Erodible snow depth in the avalanche 
track, calculated by RAMMS::Extended (version 
2.8.35) based on the basic value d0*: In the ex-
ample Bergtälli Malbun it is 130 cm of erodible 
snow just below the release area (marked with 
red dotted line), 70 cm in the steeper section and 
120 cm at around 1700 m. The erodible snow 
cover is defined in the slope perpendicular direc-
tion. 

4. SNOW TEMPERATURES FROM SNOW 
PROFILES 

The snow temperature in the release area and the 
temperature gradient (ΔT) along the avalanche 
path are crucial input parameters that significantly 
influence the calculation results, particularly the 
runout distance. 

To analyze snow temperature, we focused on pe-
riods characterized by high powder snow ava-
lanche activity. Specifically, we selected snowfall 
periods from February 1999, January 2018, Jan-
uary 2019, and January 2021, each with approxi-
mately 1 meter of new snow accumulation. We 
identified 33 snow profiles taken during these pe-
riods: 4 profiles from February 9/10, 1999, 3 from 
February 22/23, 1999, 6 from January 22/23, 
2018, 11 from January 14/15, 2019, and 9 from 
January 14/15, 2021. All these profiles were rec-
orded during active snowfall (see Fig. 3). Due to 
adverse weather conditions, the number of avail-
able snow profiles is limited. 

The 33 snow profiles analyzed have total snow 
depths ranging from 1.3 to 4 meters. Thirteen 
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profiles show snow depths between 1.3 and 1.5 
meters, while the remaining 20 profiles have 
depths exceeding 1.5 meters. Of these profiles, 
21 were taken at altitudes between 1380 and 
2100 m, and the other 12 at higher elevations be-
tween 2100 and 2680 m. 

In the following analysis, we focus on the average 
snow temperature of the topmost meter of these 
snow profiles, which roughly corresponds to the 
fracture depth of large avalanches. In some pro-
files, the uppermost 20 cm is excluded due to at-
mospheric influences, such as colder tempera-
tures near the snow surface. 

 
Figure 3: Snow profile taken near Scuol (Engadin) 
at 2150 m, 15 January 2021: there is an average 
snow temperature of -5°C in the topmost meter 
with an average snow density of 120 kg/m3. 

The mean snow temperatures in the topmost me-
ter, as measured in the 33 profiles, are displayed 
in Figure 4, along with the trend line. Snow tem-
perature variation between 1380 and 2100 m is 
significant, ranging from -1.5°C to -8°C. Colder 
temperatures, ranging from -3.5°C to -9°C, were 
recorded at elevations between 2100 and 2680 
m. The trend line suggests temperatures between 
-5° and -7°C for altitudes from 2100 to 2800 m. 
The large variation is due to the different weather 
conditions during the avalanche periods investi-
gated. 

A gradient ΔT of 0.28° / 100 m can be calculated 
for the snow temperature based on the trend line. 

 

Figure 4: Mean snow temperature of the topmost 
meter of 33 snow profiles, taken during heavy 
snow fall in February 1999 and January 2018, 
2019, 2021 

5. SNOW AND AIR TEMPERATURE FOR 
SIMULATIONS 

The goal of scenario-based powder snow ava-
lanche simulations is to model "extreme" events 
that can occur under typical powder snow ava-
lanche conditions. We recommend the following 
approach: 

• For release areas at "lower" altitudes 
around 2000 m, which in Switzerland is 
still above the tree line, we suggest a 
mean snow temperature of -5°C. 

• For medium altitudes we propose a mean 
snow temperature of -6°C. 

• For release areas at "higher" altitudes 
(e.g., above 2600 m in the Swiss Alps) or 
to consider extreme powder snow ava-
lanche scenarios, we recommend a 
mean snow temperature of -7°C. 

• To calculate the snow temperature in the 
avalanche track a temperature gradient 
ΔT of 0.3°C per 100 m can generally be 
applied in scenario-based powder snow 
avalanche simulations (respectively 0.2 – 
0.4°C / 100 m).  

It's important to note that snow temperature is 
among many other factors related to snow den-
sity, as discussed in Chapters 6 and 7.  

For air temperature, we recommend to use the 
same value as for the snow temperature. 

6. SNOW DENSITIES FROM SNOW PRO-
FILES AND SETTLEMENT MODELS 

Snow density is intimately related to initial snow-
fall amounts, the rate of settlement, new snow 
characteristics, and temperature.  

Of the 33 snow profiles analyzed, only 7 include 
data on snow density. In the topmost meter of the 
snow cover, the mean density ranges between 
120 and 170 kg/m³ (at elevations between 1700 
and 2100 m a.s.l.), with an average of 150 kg/m³. 
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These profiles were likely recorded in locations 
sheltered from the wind. We consider snow den-
sities of 150 to 200 kg/m3 to be realistic for typical 
conditions with wind effects in the release areas, 
for the topmost meter of the snow cover. The 
snow density in the avalanche track might be 
lower than 200 kg/m³ (in the topmost meter), 
which aligns with the values observed in the snow 
profiles. 

SNOWPACK simulations (Bartelt and Lehning, 
2002) further support that a density of 175 to 200 
kg/m³ is realistic under storm conditions. We an-
alyzed SNOWPACK data from January 22/23, 
2018, and January 14/15, 2019, from the Davos 
Flüelastrasse and Davos Weissfluhjoch stations. 

To further support our density assumptions, we 
applied both analytical and numerical models.  In 
our analytical we follow the work of Kojima (1967, 
1974) who performed measurements of new 
snow settlement.  He found that  

1

𝜌(𝑡)

𝑑𝜌(𝑡)

𝑑𝑡
=

𝜎

𝜂𝑐(𝜌,𝑇)
  (1) 

where  is the snow density,  the overburden 

stress (three-day new snowfall) and c the tem-
perature dependent compactive viscosity. New 
snow settlement measurements revealed the fol-
lowing nonlinear relationship for the compactive 
viscosity, 

𝜂𝑐(𝜌, 𝑇) = 𝜂𝑐1𝑒𝑘𝜌  (2) 

with 𝜂𝑐1being the compactive viscosity coefficient 
which is dependent on the temperature T, 

𝜂𝑐1 = 𝜂𝑐0 [10
(

1

𝑇
−

1

271
)∗0.4550]  (3) 

We follow Kojima and take for 𝜂𝑐0 a value of 0.6 
g d / cm2.  The exponent k has a value of 21 
cm3/g. 

Table 2 shows the result of our calculations indi-
cating typical snow densities of 150 to 200 kg/m3 

after a 3-day snowfall, including densification by 
settlement. A typical value we employed in our 
density analysis is a three-day snow water equiv-
alent of 150 mm to 240 mm.  For a snow temper-
ature of e.g. -6°C, a 40° steep release area and a 
fracture depth d0 of 120 cm, the calculated snow 
density is 170 kg/m3 (see Table 2).  

 

Table 2: Calculated 3-day snow density based on 
settlement equations (model Kojima) for snow 
temperatures between -5° and -7°C, slope angle 
in the release areas of 30° and 40° and 85 cm to 
140 cm as fracture depths d0. 

This procedure has now been implemented in 
RAMMS::Extended. For every pixel in the calcu-
lation domain we solve the governing differential 
equation given a three-day accumulation, which 

defines the overburden pressure . The overbur-
den pressure is defined in the slope perpendicu-
lar direction and therefore accounts for slope an-
gle. RAMMS input parameters for the snow den-
sity along the track are the snow temperature 
(which varies with elevation), fracture depth and 
the snow density of the release area. 

7. PROPOSAL FOR SNOW TEMPERA-
TURE AND SNOW DENSITY FOR SIMU-
LATIONS 

Based on our findings in Chapters 4 to 6, we pro-
pose the snow temperatures (for release area) 
and snow densities (function of slope angle of  up-
per area) outlined in Table 3 for use in powder 
snow avalanche simulations. These values per-
tain specifically to the topmost meter of the snow 
cover and were particularly applied in the calcu-
lation of 10-, 30-, 100- and 300-year avalanches 
(RAMMS::Extended 2.8.35). 

It is important to note that these values are provi-
sional and will be tested further in additional case 
studies. Snow temperature and snow density 
have a significant impact on the calculation re-
sults; for example, depending on the topography, 
a temperature difference of just +1°C can result 
in a runout distance shortening by approximately 
100 meters. These parameters are challenging to 
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determine accurately, as their effects vary with 
terrain conditions. 

We have identified case studies where extreme 
powder snow avalanches occurred under very 
low temperature conditions. Therefore, in certain 
cases, it is crucial to consider not only the altitude 
of the release area but also the snow and weather 
conditions during the avalanche cycle. For in-
stance, the approximately 100-year Frauentobel 
avalanche of January 1968 occurred during ex-
tremely cold conditions, which would correspond 
to a snow temperature of around -7°C for such 
simulations. 

 

Table 3: Proposal for snow temperature and snow 
density in release areas for powder snow ava-
lanche simulations. 

8. RELEASE AREAS FOR SIMULATIONS 

At the beginning of this section, it is important to 
acknowledge that even with a scenario-based 
method for calculating release and entrainment 
depths, we still face the challenge of determining 
the size and location of release zones.  

In the first step, all unforested areas with slopes 
between 28° and 55° should be identified as po-
tential zones where natural avalanches can re-
lease. Within this zone, the specific release area 
for the simulation(s) should be determined in the 
second step, depending on the return period. The 
choice of the position and size of an avalanche 
release area depends on various factors, includ-
ing the shape and structure of the terrain, slope 
variations, snow distribution, and many other con-
siderations. The location and size of the selected 
release area have a significant impact on the cal-
culation results. 

We strongly recommend initially conducting 
dense flow avalanche calculations using 
RAMMS::Avalanche to verify the release area. 
Back-calculating a specific runout, as docu-
mented in the avalanche cadastre (e.g., a 30-year 
avalanche), is a commonly used procedure that 
aids in determining the location and size of poten-
tial release areas. With the calculated fracture 
depth (d0), the corresponding release volume, 

and associated friction values, the observed 
runout should align with the simulation. 

The identified release area can then be utilized 
for powder snow avalanche simulations, such as 
those conducted in RAMMS::Extended. 

9. CASE STUDY 

We have tested the scenario-based approach on 
many avalanches. Fig. 5 shows the core velocity 
of the 300-year Bergtälli avalanche near Malbun, 
Liechtenstein. The powder pressure (ρ ∙ v² / 2) 
calculated at the location of the first buildings is   
5 kPa (Fig. 6). For the release area at 2180 m we 
used a fracture depth of 135 cm (based on ex-
treme value statistics of flat field in Malbun), 
162’000 m3 as release volume, a basic value of 
135 cm for the erodible snow (Fig. 2), -6°C as 
snow temperature and a density of 175 kg/m3. 
The calculated avalanche run out corresponds 
very well with the current hazard map (300 years). 

 

Fig. 5: Core of the 300-year Bergtälli avalanche in 
Malbun with a maximum velocity of 41 m/s.  

 

Fig. 6: Maximum powder pressure: 5 kPa at first 
houses (red circles). 
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Additionally, a well documented case study is 
shown in the paper “Large powder snow ava-
lanches in South Tyrol in January 2019: Compar-
ison with scenario-based avalanche simulations” 
(Oberschmied et. al, 2024) in these proceedings. 

10. CONCLUSIONS 

For engineering purposes, it is often necessary to 
analyze powder snow avalanches with a specific 
return period. These studies are frequently con-
ducted in areas where large powder snow ava-
lanches have previously occurred, causing dam-
age to forests, infrastructure, buildings, or power 
lines. It is crucial that the model results align with 
the observed damage. However, key information 
such as fracture depths, release volumes, eroded 
snow in the avalanche track, snow temperature, 
snow density and friction is often missing for such 
large events.  

To address this, we have developed a scenario-
based approach. The approach is based on the 
existing SLF procedure for dense flow avalanche 
calculations (steps 1-4):  

1) Choice of avalanche return period; 2) Choice 
of release area; 3) Determination of fracture 
depth d0; 4) Choice of friction category. 

This procedure is well-established and practical 
for engineering offices engaged in snow hazard 
mitigation. Then, we presented our proposal to 
continue with the steps 5-8 to simulate powder 
snow avalanches: 

5) d0* as basic value for erodible snow (28° 
slope); 6) Determination of snow temperature (re-
lease area); 7) Determination of snow density 
(upper area); 8) Elevation gradients for snow tem-
perature (ΔT) and erodible snow (Δd0*) along the 
avalanche path. The proposed values are based 
on measured data, but it is important to note that 
these are provisional values, subject to further 
testing in additional case studies. 

We also explored methods for determining the lo-
cation and size of the avalanche release area. As 
with all simulation models, the choice of the re-
lease area significantly influences the simulation 
results. Other important input parameters include 
friction values, defined as μ0, ξ0, and cohesion, all 
of which depend on the release volume and re-
turn period. 

Finally, it is essential to emphasize the uncertain-
ties inherent in avalanche calculations, 

particularly regarding boundary conditions such 
as snow amounts and temperature. Our ap-
proach integrates both numerical and analytical 
solutions to account for these uncertainties, 
providing a robust framework for snow hazard 
analysis. 
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