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ABSTRACT: Snow avalanches can develop a massive destructive power in mountainous regions. An in-
tensive effort has therefore led to the development of simulation tools to quantify their impact and to develop
mitigation measures. What remains challenging are the various sources of uncertainties present in these
highly idealized computational tools. Uncertainties in avalanche simulations can be divided into different
types: Input uncertainty accounts for insufficient knowledge of the initial conditions, such as release volume
and area. Model parameter uncertainty is associated with the calibration quality and often concerns friction
coefficients. Structural uncertainty, e.g. topographic uncertainty, accounts for shortcomings of the terrain rep-
resentation. In this contribution, we present first results of a newly started project that aims at systematically
investigating uncertainties and predictive power of computer models for gravity-driven mass flows including
avalanches. We first introduce our modular, non-intrusive Python based work flow PSI-slide (Predictive Sim-
ulation of slides). PSI-slide is a probabilistic engine that sets up Monte Carlo type simulations and is able
to utilize existing solvers, such as RAMMS, r.avaflow and faSavageHutterFOAM in a non-intrusive way, while
conducting statistical analysis on the simulation results. In this particular study, we utilize PSI-slide to develop
a better understanding of the impact of filtering topographic high frequency features. We systematically com-
pare simulation results for topography data of two quality levels and discuss its implications. We close with an
outlook.
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1. INTRODUCTION

In recent decades, simulation-based hazard anal-
ysis for snow avalanches has become an integral
component of mitigation studies to assess poten-
tial risks and to plan defense structures, see for in-
stance Aydın et al. (2014) or Christen et al. (2012).

1.1. Dynamic avalanche models

In order to develop simulation-based hazard mit-
igation instruments the dynamic behavior of an
avalanche, in particular its run-out distance as well
as its potential impact pressure, has to be mod-
eled. Relevant spatial scales are the height of the
snow pack in release and deposition area (both or-
ders of meters), and the length of the avalanche
track (order of 103 meters). These scales justify
a depth-averaged approach that results in shallow
flow type models, see for instance Pudasaini and
Hutter (2007) or Christen et al. (2010). The scal-
ing arguments are also summarized in the recently
published article Kowalski and Torrilhon (2018).

∗Corresponding author address:
Julia Kowalski, Aachen Institute for Advanced Study in Computa-
tional Engineering Science, RWTH Aachen University
52074 Aachen;
tel: +49 241-80-99150
email: kowalski@aices.rwth-aachen.de

1.2. Common simulation frameworks

Shallow flow type dynamic avalanche models could
be solved with any software framework that sup-
ports the solution of advection dominated trans-
port processes of hyperbolic type, e.g. the finite
volume packages CLAWPACK and OpenFOAM.
Simulation-based hazard mitigation, however, also
requires a proper handling of digital terrain informa-
tion as well as the integration of input information
and simulation results into a geographic informa-
tion system (GIS). For snow avalanches one of the
most commonly used tools of the required quality
is RAMMS, see Christen et al. (2010). Promising
more recently developed, open source alternatives
are the OpenFOAM module faSavageHutterFOAM,
see Rauter and Tuković (2018) for snow avalanches,
and r.avaflow, see Mergili et al. (2017), for general
gravity driven mass flows. All three are considered
in the probabilistic engine PSI-slide (section 3) de-
veloped by the authors of this paper.

1.3. Content of this paper

In section 2, we will briefly discuss relevant uncer-
tainties when simulating snow avalanches. Next,
we will describe the novel Python based meta sim-
ulation framework PSI-slide that is specifically de-
veloped for the purpose of studying the predictive
power as well as the impact of uncertainties on the
simulation of gravity-driven mass flows, see section
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3. The focus of the particular study presented in
this contribution lays on a preliminary topographic
uncertainty assessment, while investigating the im-
pact of filtering topographic high-frequency features.
In section 4, we describe the numerical test case in-
cluding deterministic simulation setup and quantities
of interest to compare the various simulation runs.
Results of our numerical experiment are discussed
in 5 followed by an outlook in section 6.

2. The role of uncertainties

The aforementioned software platforms for dynamic
avalanche simulations have been proven useful to
assess the risks due to snow avalanche hazards in
many studies. This success is partially due to many
data being available for calibrating purposes. Yet
the idealization of reality underlying these computer
models is severe, and the uncertainties that arise
from this are not well understood, or systematically
quantified. For snow avalanches, one can pragmat-
ically distinguish four major sources of uncertainties
that impact on the predictive power of such simula-
tion tools:

2.1. Input uncertainty

Input uncertainty accounts for our uncertain knowl-
edge of the avalanche’s initial conditions, such as
release volume and release area. For the re-
analysis of avalanche events input uncertainty can
be minimized by means of high-quality observations
after the event tool place. Input uncertainties will
always remain a significant source of error, when
wanting to forecast potential avalanches.

2.2. Model parameter uncertainty

Model parameter uncertainty is associated with our
lack of knowledge on the most appropriate model
parameters. For dynamic avalanche models, these
are typically friction coefficients that have to be cali-
brated based on training data sets. Conclusive data
yield a better calibration quality (smaller variance)
than sparse data sets. Bayesian techniques allow
to infer on the parameter’s probability distribution
that can subsequently be used for direct uncertainty
quantification.

2.3. Topographic uncertainty

Topographic uncertainty accounts for shortcomings
in the way the terrain is represented. Gravity-
driven mass movements, including avalanches, are
to leading order determined by the underlying to-
pography. This implies the importance of taking
these sources of uncertainties into account, yet it

Figure 1: Translating the release zone polygon into
the initial condition of a standard avalanche simu-
lation tool (here RAMMS) heavily depends on the
resolution of the chosen computational mesh. This
makes it challenging to compare across simulation
results achieved on computational grids of different
resolution.

is seldom done so far. Especially the interplay be-
tween topography and model parameters is impor-
tant, for instance when wanting to use friction pa-
rameters that have been calibrated based on a cer-
tain DEM data product for prognostic simulations
based on a different DEM product.

2.4. Numerical uncertainty

Numerical uncertainty accounts for discretization er-
rors of the used numerical scheme. In principal it
is well understood how the discretization error can
be controlled due to many results in the discipline
of numerical analysis. While the time integration
of the physical model (that most of these works
focus on) is therefore mostly uncritical, there are
other sources of errors relevant to snow avalanches,
which are often overlooked: One is for instance the
projection of the release zone (often given as a poly-
gon) on the computational grid, which heavily de-
pends on mesh resolution and orientation, see fig-
ure 1. This not only complicates a convergence
study of a realistic avalanches simulation, but also
makes a grid modification challenging.

3. PYTHON FRAMEWORK PSI-SLIDE

The Python based probabilistic software framework
PSI-slide (Predictive SImulation of SLIDEs) is de-
veloped for the purpose of systematically investigat-
ing the impact of the various sources of uncertainty
on simulating gravity-driven mass movements. It
is set up as a probabilistic engine that conducts
Monte Carlo type simulations, while utilizing existing
solvers, such as RAMMS, r.avaflow and faSavage-
HutterFOAM in a non-intrusive way. This allows to
switch between different computational models from
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within the same framework and make results com-
parable. It eventually enables us to conduct ensem-
ble simulations across the various models. It is fur-
thermore our goal to include an advanced simulation
data mining module to conduct statistical analysis
on the simulation results in order to detect trends
and hidden patterns. First steps have been taken
so far. PSI-slide’s high-level structure is depicted in
figure 2. It consists of four main parts:

3.1. Uncertainty processor

This module translates the assumed uncertainty into
a set of deterministic problems by discretizing the
random variable space (RVS) into representative
point sets. As of now, we fully discretize the RVS
prior to any process simulation (see module 3.3).
In the future, we will consider stochastic processes,
e.g. Markov chain Monte Carlo, that explore the
RVS and seqentiylly sample posteriori distributions
of interest.

3.2. Initialization and input setup

PSI-slide is set up to work with different state-of-the-
art software platforms for dynamic avalanche simu-
lations. These computational models differ in the
way they initialize a simulation and the input files
are set up. This module generates the initial in-
put file sets to run the respective simulation based
on representative point sets of the random variable
space for a specific software. At present, it is set up
for RAMMS as well as a self-implemented lumped
mass point model that we use for reference pur-
poses. We are in the process of including r.avaflow
and SavageHutterFOAM into PSI-slide.

3.3. Process simulation

This module organizes the computational process
simulations for the determined parameter configu-
rations. Parallel distribution of the individual cases
is applied to improve computational efficiency of the
overall assessment.

3.4. Postprocessing and simulation data mining

Many simulation runs are necessary in order to sys-
tematically investigate the various sources of uncer-
tainty and to conduct systematic sensitivity studies.
This naturally results in a large number of output
data. This module provides the capability to auto-
matically extract quantities of interest from the out-
put data (e.g. a polygon of the deposition area, or
the apparent friction angle), and to apply data min-
ing and statistical analysis on it to detect trends and
hidden patterns.

Figure 2: High-level structure of the Python based
software framework PSI-slide.

4. NUMERICAL EXPERIMENT

In the following, we show results of a study that
has been conducted with the PSI-slide software
framework. It addresses the impact of filtering high
frequency features from the underlying topography
data and its interplay with other simulation prop-
erties, such as computational mesh resolution and
friction parameters. As a simulation test case, we
consider the Wolfsgruben avalanche that is also dis-
cussed in the recent publication Rauter et al. (2018).

4.1. Topographic reference cases

Topography data is typically available as DEM data
products, which yield no further information about
their inherent uncertainty. In order to assess topo-
graphic uncertainty systematically, it will therefore
be necessary to quantify them directly from the re-
mote sensing algorithms used to generate the re-
spective DEM product. Until this is done rigorously,
at least the role of potential topographic uncertain-
ties can be assessed by using hypothesized prox-
ies, see e.g. Stefanescu et al. (2012). In the pre-
sented study, we consider the quality level of the
underlying topography data, in particular the role of
high-frequency features. With respect to different
DEM data products, a related study has also been
conducted in Bühler et al. (2011). Our nominal to-
pography reference is the Wolfsgruben DEM con-
sidered in Rauter et al. (2018), which has 10 m res-
olution. From this, we derive a second topographic
reference by averaging the original elevation values
on a 40 m x 40 m grid. This effectively dampens
out high frequency information of the original DEM
(10 m resolution) and can be regarded as a DEM
of lower quality (or higher uncertainty). The novel
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Figure 3: The resolution of the computational grid
and the resolution of its underlying digital elevation
model have to be carefully discriminated. If compu-
tational grid resolution is lower than the DEM reso-
lution, high frequency components of the available
topography information get filtered out.

aspect of our study is that we carefully distinguish
between the DEM resolution that controls the error
in representing the terrain data on the one side, and
the computational mesh resolution that controls the
numerical error on the other side, see also figure 3.

4.2. Simulation test case

The Wolfsgruben avalanche as presented in Rauter
et al. (2018) is chosen as a test case. The event
happened on 13 March 1988 and caused severe life
and property loss. Data of the event is freely avail-
able. The digital elevation model and release zone
data are taken from the aforementioned publication.
The friction coefficients used in this study are based
on the parameter range specified by Fischer et al.
(2015). All simulations are conducted while utilizing
PSI-slide for RAMMS and for both topography ref-
erences as well as for various computational mesh
resolutions. In the ongoing, we present results for a
mesh of 5 m and for a mesh of 20 m resolution.

4.3. Post-processing of simulation results

The quantities of interest used in this study to com-
pare the simulation results are twofold: First, we de-
termine the polygon of deposited material. Second,
and inspired by related work on landslides, we con-
sider the apparent friction angle De Blasio (2011)
as a scalar proxy to the run-out of avalanches. It is
the angle between the line which connects the mass
center of release zone and deposit zone and the
horizontal plane. Note that for a straight avalanche
track (quasi 1D situation) and in the absence of tur-
bulent friction it corresponds to the dry Coulomb fric-
tion angle.

5. RESULTS AND DISCUSSION

In the following, we present a number of compara-
tive studies conducted with the PSI-slide framework.
In each of the studies, we consider both topogra-
phy references as described in section 4.1 (DEM of
10 m resolution in black and DEM of 40 m resolution
in red). Computational mesh resolution and friction
coefficients are independently controlled.

5.1. Deposition area

Figure 4b and 4a show the simulated deposition ar-
eas for a dry Coulomb friction value of μ=0.2 and a
turbulent friction value of ξ=6000 m/s2. A significant
impact of the input DEM on the simulated deposition
area can be observed (difference between black and
red line in both plots). This qualitatively resembles
findings that have previously also been reported in
Bühler et al. (2011). Note, that the avalanche fol-
lows a completely different path shortly before de-
position in 4b. In addition to previous findings, how-
ever, our results show that there is also a some-
what unexpected response in refining the resolution
of the computational mesh. This behavior can be
observed whenever complex topographies and re-
lease zone geometries are considered (in contrast
to simple geometry benchmark cases). It repre-
sents the combined effect of a change in release
zone geometry with mesh resolution, see figure 1,
and the unintended filtering of high-frequency topo-
graphic features for large resolution computational
meshes. Our results suggest that a sweep through
different computational mesh resolutions should be
used in simulation-based hazard assessment, and
that a comparison across different computational
models has to differentiate between DEM mesh res-
olution and the resolution of the computational grid.

5.2. Apparent friction angle

Figure 4c shows the apparent friction angle as intro-
duced in section 4.3 as a proxy for the mean travel
distance of the avalanche. It is plotted with respect
to different values of the Coulomb friction coefficient
μ (x-axis) and the Chezy friction coefficient ξ
(different columns). In this plot, we show results
for a computational mesh of 5 m resolution. For
a vanishing velocity dependent friction (rightmost
column) the dependency between the apparent
friction angle and Coulomb friction is almost linear,
such as expected. For significant velocity depen-
dent friction (leftmost column), the dependency is
non-linear, likewise as expected. It is furthermore
interesting to observe the difference between the
apparent friction angle of DEM10 and DEM40
(vertical difference between red and black curve
in each plot), which suggests that the avalanche’s
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(a) Deposition area - mesh resolution 20 m

(b) Deposition area - mesh resolution 5 m

(c) Apparent friction angle vs. friction coefficients

(d) Apparent friction angle vs. mesh resolution and μ

(e) Apparent friciton angle vs. mesh resolution and ξ

Figure 4: Simulation results of the Wolfsgruben
avalanche for the original DEM (black: 10m resolu-
tion), and a synthesized (smoothed DEM (red: 40m
resolution). Plot (a) and (b) show the impact on
the deposition zone for two different values of the
computational mesh resolution. Plot (c), (d), and
(e) show combined sensitivity studies (friction coef-
ficients versus computational grid resolution).

run-out length depends on the applied input DEM
data. So, DEM uncertainty has an impact on the
simulation result. Note that this dependency is not
systematic with respect to the friction coefficients.
While the apparent friction angle of the DEM10
case is lower for high Coulomb friction and turbulent
friction, it is higher for moderate Coulomb and
vanishing turbulent friction.

5.3. Grid mesh resolution

Figure 4d and figure 4e show the response of the
apparent friction angle to a change in the computa-
tional mesh resolution and to a change of dry and
turbulent friction coefficients μ and ξ. In each case,
the apparent friction angle (hence the avalanches
center of mass run-out length) changes with the
computational mesh resolution, which again sug-
gests to consider different mesh resolutions in a
real case study. Furthermore, high-frequency to-
pography components seems to be less important
for events characterized by high dry friction values
(difference between red and black curve in figure
4d). For a dry friction value of μ = 0.2, a simi-
lar branching between DEM10 and DEM40 can be
observed across a range of different turbulent fric-
tion values, see 4e. This suggests that the transfer
of calibrated friction values to new avalanche tracks
has to be done with care. In particular, matching the
DEM resolution of the original calibration run is crit-
ical for the predictivity of the avalanche simulation.

6. CONCLUSION AND OUTLOOK

In this contribution, we describe our new meta
software framework PSI-slide that aims at system-
atic studies of gravity-driven mass movements such
as snow avalanches, with the goal of a rigorous
uncertainty quantification and assessment of the
model’s predictive power. Our concrete study fo-
cuses on the impact of dampening out topographic
high-frequency features and its interplay with mesh
resolution and friction coefficients. It contributes to
our understanding of the nature of topographic un-
certainties in avalanche simulations. In particular,
we find that

• topographic uncertainty has an impact on com-
putational avalanche simulations and its effects
need to be further explored

• their is an interplay between the resolution of
the underlying DEM and the resolution of the
computational mesh that needs to be disen-
tangled in order to make avalanche simulations
fully comparable across DEMs of different res-
olutions
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• the avalanche run-out length (in our work
coded as apparent friction angle) varies with
both DEM resolution and computational mesh
resolution.

• while the latter behavior has been known be-
fore, our study furthermore shows that the ob-
served trends (how does the run-out length
vary with the resolution) is affected by the fric-
tional setting. This suggests to match both
DEM and computational grid resolution, when
using frictional parameters that had been cali-
brated on a different avalanche track.

These results increase our understanding of the im-
pact of uncertainties on avalanche simulation stud-
ies. While further developing the PSI-slide frame-
work, our long term goal is to utilize our findings in
order to establish strategies that allow to assess the
admissibility of transferring calibrated friction param-
eters to avalanches in other regions or of different
sizes, while managing the arising inherent uncer-
tainties and model errors.
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