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Abstract

Avalanche hazard maps are very useful for use in planning land use in mount-
anous areas. In the avalanche hazard mapping procedure used in Switzerland a
very important first step is to determine the potential release areas of avalanches
that may endanger villages or human activities in general. The most useful
sources of information are historical avalanche events but, for areas where no
historical data are available, the expert must estimate the avalanche danger by
considering other methods. Simulations using models of avalanche dynamics
are one possibility, but, common to all numerical modelling, data which include
uncertainties are used as inputs, with the resulting uncertainties therefore im-
pacting on the output of the simulations.

This thesis addressed this problem paying particular attention to the de-
finition of avalanche release areas. The aim was to create a procedure which
can produce avalanche hazard maps which quantify uncertainty. A method
to define potential avalanche release areas, based on topographical parameters
such as slope angle, curvature and aspect, in combination with forest cover, was
developed in a Geographical Information System. A detailed analysis of other
topographical characteristics, such as mean and maximum slope angle, slope
angle variability, mean aspect, distance to the next ridge, plan and profile cur-
vature and shape of the potential release areas was carried out to identify pos-
sible relationships between topography and avalanche activity (e.g. frequency
and size of avalanches from a potential release area). The aim was to explore
possible statistical relationships between avalanche activity and topographical
characteristics. A range of techniques, such as linear regression model, Classi-
fication and Regression Trees and cluster analysis, were applied but significant
statistical relationships were not identified.

Nonetheless, an empirical method to determine avalanche activity for aval-
anche paths with no historical data, relying on the release area information
of topographically similar potential release areas was developed. Moreover, a
proposal to determine the extent of the release area for avalanches with specific
return periods through the use of Gumbel statistics applied on historical data
was developed.

With these input data, in terms of distributions, Monte Carlo techniques
were applied to generate avalanche hazard maps containing quantifications of
the uncertainties present in the hazard limit delineation. Three case studies
show that the procedure developed in this work is able to create realistic aval-
anche hazard maps which derive limits for zones with similar properties to
existing avalanche hazard maps generated by more traditional techniques.



Zusammenfassung

In der Landnutzungsplanung von Gebirgsgemeinden ist die Erstellung von Lawi-
nengefahrenkarten obligatorisch. Sie dienen dazu, lawinengefährdete Gebiete zu
identifizieren und entsprechend in der Landnutzungsplanung zu berücksichtigen.
Die Erstellung einer Lawinengefahrenkarte basiert in der Schweiz auf mehreren
Teilschritten. Neben der Analyse des Lawinenkatasters und einer genauen
Geländeanalyse vor Ort spielen auch numerische Simulationsmodelle eine wich-
tige Rolle. Die Eingabeparameter für diese numerischen Modelle weisen dabei
teilweise beträchtliche Unsicherheiten auf. Diese Unsicherheiten können die
Ergebnisse der Simulationsrechnungen unter Umständen stark beeinflussen. Das
Ziel dieser Arbeit war es, die Unsicherheiten bei der Bestimmung der mass-
gebenden Anrissfläche in Abhängigkeit der Wiederkehrdauer eines Lawinenan-
risses zu untersuchen. In einem ersten Schritt wurde mittels eines Geogra-
phischen Informationssystems (GIS) eine Methode erarbeitet, die es erlaubt,
aufgrund der topographischen Merkmale Hangneigung, grossräumige Rippen-
und Muldenstrukturen und Exposition einerseits und der Bewaldung anderer-
seits, potentielle Anrissgebiete zu identifizieren. Anschliessend wurden diese
potentiellen Anrissgebiete hinsichtlich der topographischen Parameter mittlere
Hangneigung, maximale Hangneigung, Hangneigungsvariabilität, mittlere Ex-
position, Kammnähe, kleinräumige Geländekrümmungen in Fallrichtung und
parallel zum Hang sowie der Form des potentiellen Lawinenanrissgebietes ana-
lysiert. Parallel dazu wurden die potentiellen Anrissgebiete auch hinsichtlich
der Grösse und Häufigkeit der Lawinenereignisse analysiert. Das Ziel dieser
beiden Anrissgebiets-Analysen war es, eine statistische Beziehung zwischen
den topographischen Variablen und den Lawinenereignissen zu finden. Ob-
wohl mehrere statistische Methoden getestet wurden, konnte kein eindeutiger
und signifikanter Zusammenhang zwischen der Topographie und der Lawinen-
aktivität festgestellt werden. Um trotzdem die Anrissgrösse und -häufigkeit in
Lawinenzügen ohne detaillierte historische Katasterdaten abschätzen zu können,
wurde eine Methode entwickelt, die auf der empirische Lawinenaktivität von
topographisch ähnlichen Anrissgebieten beruht. Zusätzlich wurde auch ein
Weg aufgezeigt, der es erlaubt, die Grösse eines Anrissgebietes für spezifis-
che Wiederkehrperioden mittels Gumbel-Extremwertstatistik zu bestimmen.
Die so gewonnen Anrissgebietsgrössen und ihre Verteilung wurden anschlies-
send für Monte-Carlo Simulationen verwendet. Die Ergebnisse dieser Simu-
lationen ermöglichten – im Gegensatz zum bisher in der Schweiz verwendeten
Vorgehen – die in den Eingabeparametern vorhandenen Unsicherheiten mit in
die Lawinengefahrenkartierung einzubeziehen. In drei Beispielen konnte gezeigt
werden, dass es mit dem in dieser Arbeit entwickelten Vorgehen möglich ist,
realistische Lawinengefahrenkarten zu erzeugen.



Chapter 1

Introduction

1.1 Motivation and goal of this study

Avalanches are a natural hazard that hasve considerable influence on human
activities in mountain regions. In the past, not much knowledge existed about
this phenomenon and people simply tried to avoid building villages in danger-
ous places. Today, better knowledge exists, but the problem remains because
demographic changes and expansion through tourism have led to many people
living or spending free time in mountain areas. In Switzerland, a country with
about two thirds of its land area covered by mountains, the problem of living
with this natural hazard is well known and must be addressed. Before the
avalanche winter of 1951, only memories of past avalanche events and terrain
inspection helped people to recognize avalanche terrain, but after that winter
such knowledge was considered insufficient to predict possible future avalanche
events and related damages. In course of time, much effort has been made to
deal with this problem. In 1984 the ”Swiss Guidelines for avalanche zoning”
were issued, in order to have a reference to delineate homogeneously different
levels of avalanche danger and the consequent land use planning [BBF & SLF,
1984].

The procedure of avalanche hazard mapping includes several steps that are
affected by uncertainties which, consequently, influence the quality of the final
avalanche hazard maps. Some of these uncertainties became clear after the
catastrophic winter of 1998/99, when all over the Northern side of the Alps
many avalanches occurred and caused damages and loss of life. In Switzerland,
most of these avalanches remained within the boundaries given by the available
hazard maps, but approximately 40 from about 1200 large avalanches surpassed
these limits [Gruber & Margreth, 2001].

In the Swiss avalanche hazard mapping procedure a very important first
step is to determine potential release areas for avalanches that may endanger
villages or human activities in general. The most useful source of information
are historical avalanche events, because they provide data about the extent
of the release area, as well as the runout distance, the fracture depth or the
avalanche type. But, for areas where no historical data are available, the expert
cannot make use of these data and must estimate the avalanche danger by

1



CHAPTER 1. INTRODUCTION 2

considering other methods. Simulations using models of avalanche dynamics
are one possibility, as they are able to create hazard scenarios after proper
inputs have been defined. The goal of this research is to develop a procedure
which aims to help the expert to define model inputs for avalanche dynamics
models in areas where no historical data are available. These models can then
be used to assess the avalanche hazard for paths with no historical data.

The four main goals of this work are:

1. to define potential avalanche release areas on the basis of topographical
characteristics;

2. to find a possible relationship between topography and avalanche activity,
defined as release area extent and frequency;

3. to determine the extent of the release area for avalanches with specific
return periods in areas where no historical data are available;

4. to determine the uncertainties present in the avalanche hazard mapping
procedure by a Monte Carlo technique.

In this work, Geographical Information Systems (GIS) and Digital Elevation
Models are combined to create an automatic procedure for the definition of
potential avalanche release areas on the basis of rules related to topographical
characteristics.

Lack of data about past avalanches, and therefore about release conditions,
is the main reason for trying to find a statistical relationship between topo-
graphical features and avalanche activity. Whilst being aware of the fact that
the release of an avalanche is a combination of many factors, the attention is
here focused only on topographical factors, because the underlying hypothe-
sis is that, in regions with the same meteorological conditions, the topography
is the primary factor influencing avalanche formation. The idea is to analyze
potential avalanche release areas, in terms of detailed topographical features,
and the related avalanche activity, in terms of release frequencies and extents
of past avalanche events, and to try classify avalanche activity with respect to
topographical features. The goal is to create a database where potential re-
lease areas with similar topographical features are related to the same type of
avalanche activity.

With the help of this database, avalanche activity for avalanche paths where
no data of past avalanches are available might be estimated using the following
procedure:

• definition of the potential release area (PRA) applying the automatic
procedure developed in the GIS,

• characterization of the PRA on the basis of detailed topographical fea-
tures,

• searching within the database for the most similar PRAs in terms of
topographical characteristics, in order to use the related avalanche activity
to determine the avalanche activity of the undocumented PRA.
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Finally, Monte Carlo simulation can be applied for this avalanche path to pro-
duce an avalanche hazard scenario which includes uncertainties. The input
for the release area to the Monte Carlo simulation would be the distribution
representing the avalanche activity, derived by the proposed procedure.

In summary, this thesis aims to investigate the following principal research
questions:

1. How can potential avalanche release areas be defined?

2. Is there a statistical relationship between the topographical characteristics
of these release areas and avalanche activity?

3. How can the extent of the release area for avalanches with specific return
periods be determined?

4. How can the uncertainties present in the avalanche hazard mapping pro-
cedures be quantified?

1.2 Structure of the Thesis

Following this introduction, the thesis is structured in seven chapters:

• Chapter 2 introduces the reader into avalanche problems, such as aval-
anche classification, avalanche formation, avalanche dynamics and aval-
anche hazard maps. In addition, it gives an overview of Geographical
Information Systems and Digital Elevation Models, mostly with respect
to their usefulness in the geomorphological characterization of the terrain.

• Chapter 3 contains a description of the study area and of the avalanche
database.

• Chapter 4 presents an automatic procedure to define and characterize
potential avalanche release areas and to derive related avalanche activity
(or release area distribution) from past avalanche events.

• Chapter 5 explains the different methods used in order to investigate the
statistical relationship between topographical parameters and avalanche
activity.

• Chapter 6 proposes the Monte Carlo approach to the avalanche hazard
mapping procedure, in order to quantify existing uncertainties. It also
utilizes the method to derive the extent of the release area for avalanches
with specific return periods.

• Chapter 7 proposes a procedure to define avalanche hazard in areas where
no or limited historical data are available. It describes the application of
the procedure, from the definition of PRAs to the Monte Carlo simulation,
for some real case studies.

• Finally, Chapter 8 reviews the thesis results with respect to the research
questions and proposes possible avenues for future research.



Chapter 2

Theoretical background

2.1 Classification of snow avalanches

A snow avalanche is a mass of snow moving down a slope which can be so
small as to be harmless to people or large enough to destroy entire forests and
villages. There are different types of snow avalanches according to the many
features that characterize them, such as for example dimensions, the manner of
triggering and the form of movement.

The topic of avalanche classification was and is still under discussion and
development. An overview of the history of snow avalanche classifications is
given in McClung & Schaerer [1993] and Barbolini [1999]. Currently, the most
commonly used reference system is The Avalanche Atlas, published by the In-
ternational Commission on Snow and Ice [UNESCO, 1981]. The classification
system is composed of two parts: genetic and morphological. The genetic clas-
sification refers to the processes and conditions that cause avalanches; it is not
normally used operationally. Instead, the morphological classification is used to
form guidelines for what to observe or record as important information about
an avalanche. The classification is performed on the basis of the characteristics
of three zones identified within the avalanche path:

1. The starting zone is the area where the snow becomes unstable and starts
to move. Here, the nature of triggering, the position of the sliding surface
and the water content of the snow is considered.

2. The track is the slope which divides the starting zone from the deposition
zone. Here, the avalanche is fully developed and attains its maximum
velocity. The form of the path and the form of the movement are the
elements used in classification here.

3. The runout zone is the area where the avalanche decelerates rapidly and
stops. Here, the surface roughness of the deposits, the water content in
snow debris at time of deposition and the contamination of deposit are
considered as classification features.

The two main general types of snow avalanches are called loose snow avalanches
and slab avalanches, in relation to the manner of triggering (see Section 2.2).

4



CHAPTER 2. THEORETICAL BACKGROUND 5

Figure 2.1: Examples of a wet loose snow (left) and a slab (right) avalanche.
Photos: SLF archive.

Loose snow avalanches start from a point at or near the surface and collect mass
as they move down the slope, assuming a fan-like shape; they have usually small
dimensions and can be dry or wet. More dangerous are slab avalanches, which
initiate simultaneously over a large area and involve one or more layers of cohe-
sive snow. Figure 2.1 gives two examples of typical loose snow avalanches and
slab avalanches, while Figure 2.2 shows the different parts of a slab avalanche.

y

x

z

crown

flank

stauchwall

ψ

bed surface

snowpack weakness

= failure interface

slab layer

release area

d0

Figure 2.2: Slab avalanche nomenclature. From Schweizer et al. [2003].

The release area of a slab avalanche is defined as the area delimited by
the crown (upper limit), the flanks, (lateral limits), and the stauchwall (lower
limit). After the release, the fracture line is almost always well defined and
visible, while the lower limit of the slab is often not recognizable because it is
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overridden by the passing avalanche. The bed surface is the plane on which the
slab slides and lies usually just below the failure plane, which is the plane where
the shear failure takes place. The fracture depth d0 is the depth of the fracture
at the slab crown, measured perpendicular to the terrain surface.

Based on the form of movement, two types of avalanches are defined: flowing
or dense-snow avalanches, which move close to the ground with densities around
300-400 kg/m3, and powder-snow avalanches, which are less affected by the
topography and have an average density of about 10-30 kg/m3.

The system proposed by UNESCO [1981] does not take into account aval-
anche size. In the United States, Atwater elaborated a system to classify the
size of the avalanches based on their potential destructive effects [USDA, 1961].
Later, Perla & Martinelli [1976] introduced a classification based on five size
classes. An extension of the classification by USDA [1961] was introduced by
Perla in Canada and adopted by the Canadian Avalanche Committee in 1977.
The Canadian system tried to integrate all the observable variables into a sim-
ple estimate of size. More recently, the European Avalanche Warning Services
elaborated a glossary of all the words related to snow and avalanches [EAWS,
2003]. This glossary also includes the definition of an avalanche based on its
size: a snow avalanche is a mass of snow moving rapidly downwards with a vol-
ume greater than 100 m3 and a length greater than 50 m; a mass of snow with
volume smaller than 100 m3 and a length of less than 50 m is called sluff. Under
the item avalanche size in EAWS [2003], there is the official snow avalanche size
classification that is suggested for use from now on in Europe (Table 2.1); it is
based on the US and Canadian systems.

Extent of the avalanche, classified by runout length, volume and damage potential. 
Term Runout  

classification 
Damage potential 
classification 

Quantitative 
classification 

Size 
1 

�sluff� Small, harmless snow 
slide No eminent danger for 

humans 
Length <50   m, 
Volume < 100 
m3 

Size 
2 

small 
avalanche Stops within the slope 

Can bury a person, 
injury or death can 
occur 

Length <100 m, 
Volume 
< 1000 m3 

Size 
3 

medium 
avalanche 

Continues to the bottom 
of the slope 

Can bury and destroy 
cars and damage 
heavy trucks. Can 
destroy small 
buildings and break 
single trees. 

Length <1000 
m, Volume 
< 10000 m3 

Size 
4 

large 
avalanche 

Continues over flat areas 
(significantly less than 
30° slopes) over a 
distance of at least 50 m. 
May reach the bottom of 
the valley. 

Can bury and destroy 
heavy trucks or trains, 
larger buildings and 
forested areas. 

Length >1000 
m, Volume 
> 10000 m3 

Table 2.1: Avalanche size classification from EAWS [2003].
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2.2 Avalanche formation

The release of either a loose-snow or slab avalanche is a complex process that
is not yet fully understood. Several contributing factors are involved in the
release process, namely terrain, snowpack properties and meteorological condi-
tions. Schweizer et al. [2003] give a good insight into the state of the art of
avalanche formation for dry snow slab avalanches, considering both the contri-
butory factors and the failure mechanics at different scales.

What is required for avalanche formation is that the applied shear stress
approaches, equals or exceeds the shear strength of the snowpack and that the
deformation occurs fast enough to provoke fractures. The shear strength of
snow may be seen as composed of two components, cohesion (C ) and friction
(F ), as follow:

τ = C + F = C + σ · tanφ (2.1)

where σ is the stress normal to the bed surface and φ the static friction angle.
Cohesion in snow refers to how well grains are bound together; it depends

on the dimension and shape of grains and crystals and on the density of bonds.
Friction is related to the resistance to motion of one layer of snow with respect
to another; it depends mainly on the snow texture, the water content and the
weight of the overlying snowpack [McClung & Schaerer, 1993]. The cohesion is
the property which determines which type of avalanche will occur: loose-snow
avalanches occur in cohesionless snow, whereas slab avalanches require cohesion
high enough to form a snow slab.

For loose-snow avalanches, the cohesion of snow is very low (C ≈ 0) and
the basic release mechanism is that the terrain exceeds the static friction angle
φ (called also angle of repose) until which the snow is in equilibrium. Each
type of snow has a characteristic static friction angle which depends on grain
geometry, cohesiveness, snow temperature and water content.

For slab avalanches, the release is characterized by a rapid propagation of
the fractures underneath and at all boundaries of the slab. The release of a slab
occurs when a layer of cohesive snow lies on a weak layer or when it is not well
bound to the underlying layer; if the stress applied to these weaknesses exceeds
their strength, a shear failure occurs. Failure starts at locations where the
shear strength is lower than the average shear strength of the snowpack. These
preexisting shear strength deficit zones are named flaw zones. There is a critical
flaw size to provoke a catastrophic failure of the whole slab [Schweizer et al.,
2003]. However, a catastrophic failure alone is not sufficient to release a slab. In
fact, if the failure happens slowly, no fracture of the slab avalanche will occur;
this slow shear strength failure is named strain-softening [McClung & Schaerer,
1993]. To provoke the release of a slab avalanche, a fracture is necessary. A
fracture in snow occurs only when both the shear stress approaches the shear
strength and the deformation rate is above a critical rate, which is about 1
mm/min for layer thickness as typical of avalanche weak layers (e.g. 10 mm).

For artificially triggered avalanches, the critical rate of deformation into the
snowpack is easily produced by skiers or explosives. For natural avalanches, the
deformation is usually slower and caused mainly by additional weight due to
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new snowfall or blowing snow. Furthermore, in the case of natural avalanches,
temperature increase or rain can have great influence on avalanche release.

After a fracture occurs, it propagates upslope and across the slope to form
the slab that starts moving downslope. The size of the slab depends on different
properties of the snowpack and on the topography of the area. On unconfined
planar terrain, field data indicate that the slab width exceeds the slab length,
while in confined terrain, such as channels or gullies, the length may exceed
the width of the slab [McClung & Schaerer, 1993]. Many studies have been
conducted to analyze the dimensions of slabs [Brown et al., 1972; Schweizer &
Lütschg, 2001; Perla, 1977].

From the point of view of the physical processes happening in the snowpack
after a failure had occurred, some models were developed to describe the release
of a slab avalanche and the dimensions of the releasing slab. Johnson et al.
[2003] modelled fracture propagation with the hypothesis that the extent of
fracturing Lslab is entirely controlled by the tensile strength of the overlaying
slab. Jamieson & Johnston [1992] studied 13 strictly unconfined slab avalanches
and found that the slab width is proportional to an arrest parameter, which
includes the slab thickness, slab tensile strength and basal shear strength.

All these considerations on the dimensions of avalanche slabs and avalanche
releasing mechanism are reported here in order to underline the difficulties of
estimating the potential release area of an avalanche, an important parameter
in the avalanche hazard mapping procedure.

2.3 Avalanche dynamics

The physical behavior of avalanches is not entirely known yet, but much theo-
retical and experimental research has been carried out to understand it. With
the help of experimental avalanche test sites, such as Vallèe de la Sionne (Can-
ton Valais, Switzerland) and others in Europe [SLF, 1999a], knowledge of the
dynamics of avalanches is improving and different mathematical models have
been elaborated to model avalanche dynamics.

Increased human activity in mountain regions, mainly due to tourism, in
combination with a reduced acceptance of risk from those living in areas ex-
posed to snow avalanches have caused a growing need for protection against
avalanches. The first attempt to formulate a general theory of avalanche mo-
tion was made by Voellmy [1955], and this theory is still widely used. Since the
1950s, several other studies have been carried out to elaborate empirical and
physical models that are able to give information about runout distance and
impact pressure of avalanches, important variables for avalanche hazard assess-
ment (see Section 2.4). However, no universal model has so far been developed.
A detailed description of all the models developed until 1998 is presented in
Harbitz [1998].

A basic distinction can be made between empirical procedures and physical
models. Empirical procedures for estimation of avalanche runout distance use
historical records of avalanche runout on documented paths [Bovis & Mears,
1976; Lied & Bakkehoi, 1980; McClung & Lied, 1987] and derive methods to
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extend this information to undocumented paths [Bakkehoi & Norem, 1994].
They calculate the runout distance of the simulated avalanche. Physical mod-
els consider the physical processes underlying the avalanche dynamics and use
mathematical equations to describe the avalanche motion from the release zone
to the runout zone. They are then able to calculate dynamical variables, such
as runout distance, but also pressure and flow height of the avalanches. Within
dynamical models, three groups can be distinguished:

• The sliding block (or lumped mass) dense-snow avalanche models, e.g.
Voellmy [1955], describes the avalanche as a rigid body on a linear slope
or as a flexible body (blanket) following the terrain. Alternatively, the
motion can be described by center-of-mass considerations, including the
sum of external forces acting on the body.

• Deformable body models, e.g. Bartelt et al. [1999] and Norem et al.
[1986], described the dense-snow avalanche as a continuum. In granular
models, the avalanche flow is described as a cohesionless material, nor-
mally treated as an incompressible Coulomb (dry friction) medium that
transmit no tensile but only compressive stresses. The main supporting
force is attributed to grain-to-grain interaction.

• Powder-snow avalanche models describe the airborne turbulent particle
flow as a block, e.g. Fukushima & Parker [1990], or by other approaches
such as density current models or binary (solid-fluid) mixture models, e.g.
Naaim & Gurer [1998].

Only a few combinations of these models, i.e. coupled models including both
the dense and the powder snow part of the avalanche, exist [Bartelt et al.,
2000]. In the present study, the model used in the proposed Monte Carlo
approach to avalanche hazard mapping procedure (see Chapter 6) is the dense-
snow avalanche model FL-1D, a deformable body model which will be described
later in this section.

In order to perform an avalanche simulation, all the models of dynamics re-
quire the definition of the initial conditions in term of release area, fracture depth
and friction coefficients; their correct definition is a difficult task, subject to
uncertainties. Therefore, it is important to investigate how model output varies
with respect to variations in initial conditions. Barbolini et al. [2000] made a
comparison of two empirical and three physical models at five avalanche sites
in Europe and performed a sensitivity analysis to address the aforementioned
problem. They found that both runout distance and pressure are remarkably
sensitive to both the friction coefficients and the initial conditions, with the
friction coefficient µ appearing to influence the model outputs to the greatest
extent. A 15% variation of this parameter can produce variations of up to 10%
for the runout distance and up to 50% for the impact pressure. These varia-
tions, in the case of large avalanches, can produce completely different hazard
scenarios. This study highlights the importance of being able to deal with these
uncertainties and include them in the avalanche hazard mapping procedure (see
Chapter 6).
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In the present study, the dense-snow avalanche model ”FL-1D”, developed
at the SLF, is used and briefly described here. ”FL-1D” is a numerical, depth-
averaged, quasi one-dimensional, continuum model, which tracks the motion of
an avalanche from initiation to runout. It is based on the following assumptions:

• Flowing snow is modelled as a fluid continuum of mean constant density.

• The flow width is known.

• A clearly defined top flow surface exists.

• The flow height is the average flow height across the section.

• The vertical pressure distribution is hydrostatic. Centripetal pressures
which modify the hydrostatic pressure distribution are not accounted for.

• Flow velocity and depth is unsteady and non-uniform.

• The avalanche mass is constant and no entrainment processes are model-
led.

x

y

.g = dU/dz = 0 A(x,t)
z

y

g = 0

u(z) = U
h(z)

z

y

t
Q(x,t)

Figure 2.3: Representation of an avalanche as a Voellmy fluid in the FL-1D
model. Source: Bartelt et al. [1999].

The fundamental differential equations are based on the principles of conser-
vation of mass and momentum and are solved numerically with finite difference
techniques [Sartoris & Bartelt, 2000]:

∂A

∂t
+
∂Q

∂x
= 0 (2.2)

∂Q

∂t
+

∂

∂x

[
α(x, t)

Q2

A

]
+ λgA

∂h

∂x
cosψ = gA(S0 − Sf ) (2.3)

where g is the gravity acceleration, h(x, t) is the avalanche flow height at posi-
tion x along the profile and time t, S0 and Sf are the acceleration and friction
slope respectively, ψ(x) is the inclination of the mountain slope, λ is the pas-
sive/active pressure coefficient and α(x, t) is the velocity profile factor. A(x, t)
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and Q(x, t) are the two scalar fields which describe the avalanche flow: A(x, t)
represents the cross-sectional flow area at position x and time t, andQ(x, t) gives
the average flow discharge along the mountain profile (see Fig. 2.3). α(x, t) is
the velocity profile factor, which is equal to 1 for a rectangular velocity profile.

Volume
Topography

Altitude 300-year 30-year
[m3] [m.a.s.l.] µ ξ [m/s2] µ ξ [m/s2]

above 1500 0.16 2500 0.17 2000
unchannelled 1000 - 1500 0.18 2000 0.19 1750

below 1000 0.2 1750 0.21 1500
above 1500 0.2 1750 0.21 1500

channelled 1000 - 1500 0.25 1500 0.26 1500
below 1000 0.3 1200 0.31 1200
above 1500 0.3 1000 0.31 800
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>
60
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00

gully 1000 - 1500 0.34 750 0.35 600
below 1000 0.38 500 0.39 400

above 1500 0.2 2000 0.21 1750
unchannelled 1000 - 1500 0.24 1500 0.25 1500

below 1000 0.28 1200 0.29 1200
above 1500 0.26 1200 0.27 1200

channelled 1000 - 1500 0.29 1200 0.31 1200
below 1000 0.33 1000 0.34 1000
above 1500 0.33 1000 0.34 800

m
ea

n
si

ze
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25
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gully 1000 - 1500 0.37 800 0.38 600
below 1000 0.4 500 0.41 400

above 1500 0.30 1500 0.31 1200
unchannelled 1000 - 1500 0.32 1200 0.33 1200

below 1000 0.34 1200 0.35 1000
above 1500 0.32 1200 0.33 1000

channelled 1000 - 1500 0.34 1000 0.35 800
below 1000 0.36 800 0.37 600
above 1500 0.36 800 0.37 600

gully 1000 - 1500 0.4 500 0.41 400sm
al

l
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e

<
25

’0
00

&
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e

below 1000 0.42 500 0.43 400

Table 2.2: Recommended values for the friction parameters µ and ξ for the
application of the FL-1D model. The friction parameters vary in function of
the avalanche size, the altitude, the confinement of the terrain and the return
period. Source: SLF [1999b].

The model employs a Voellmy-fluid flow law, which assumes no shearing
deformations (γ = τzx(z) = 0) in the avalanche body and at the top surface;
the avalanche is moving as a plug with a constant velocity U(x, t) over the flow
height h. The flow resistance is concentrated at the base of the avalanche (τ
in Fig. 2.3) and consists of a dry-Coulomb like friction (µ) and a Chezy-like
resistance (ξ). With the assumption of a hydrostatic pressure distribution, the
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friction slope Sf and the acceleration slope S0 for a Voellmy fluid are:

Sf = µcosψ +
U2

ξh
. (2.4)

S0 = sinψ. (2.5)

The friction parameters µ and ξ are constants whose magnitude varies as
a function of the avalanche size, the altitude, the confinement of the terrain
and the return period. There exist recommended guideline values for these
two friction parameters [SLF, 1999b] based on extensive model calibration with
observed field events [Bartelt et al., 1999]. These recommended values are
shown in Table 2.2.

Although no shearing deformations occur within the avalanche body, the
flow plug undergoes considerable longitudinal strains. The active/passive pres-
sure coefficient λ takes into account these processes and assumes positive or
negative values for stretching or compression of the snow plug [Bartelt et al.,
1999].

For the purpose of this work, this description is thought to be sufficient to
give an overview of the model and to introduce important parameters that are
used and discussed in the Monte Carlo approach to avalanche hazard mapping
(see Chapter 6). Bartelt et al. [1999], Sartoris & Bartelt [2000] and Christen
et al. [2002] describe the FL-1D model in more detail.

2.4 Avalanche Hazard Maps

Avalanche hazard maps identify areas endangered by avalanches of different
intensity. In Switzerland, hazard mapping began after the catastrophic winter
of 1951 when 98 persons were killed by avalanches and more than 1430 buildings
were destroyed. The principle is to prohibit the construction of buildings in
an endangered area. The first hazard maps were generated in Gadmen and
Wengen, in Canton Bern, in 1954 and 1960, respectively. These first hazard
zones were designated according to disastrous events in a rather qualitative way
without taking into account climatic factors or avalanche dynamic calculations.
In the course of time, the methods have been improved and this development
lead to the ”Swiss Guidelines for avalanche zoning”, issued in 1984 [BBF &
SLF, 1984], in order to have a reference to delineate homogeneously different
levels of avalanche danger and the consequent land use planning.

The avalanche hazard is a function of the return period T and of the impact
pressure p of an avalanche. Table 2.3 describes the different hazard levels as
they are defined in Switzerland based on BBF & SLF [1984], while in Figure 2.4
an example of an avalanche hazard map is shown.

The land use planning related to the avalanche hazard states that: in the
red zone, no new buildings are permitted; in the blue zone, only buildings that
can resist the possible avalanche impact force are permitted; in the yellow zone,
the impact forces of possible powder snow avalanches have to be considered
and then the structures reinforced in order to resist to them; the white zone is
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Table 2.3: Definition of different avalanche hazard levels and consequent land
use.

Zone Hazard level Definition based on T and p

Red High T < 30 y or
T > 30 y and p < 30 kPa

Blue Moderate 30 < T < 300 y and p < 30 kPa or
powder avalanches with T < 30 y and p < 3 kPa

Yellow Low T > 300 or
powder avalanches with T > 30 y and p < 3 kPa

White No hazard no limits

Figure 2.4: Avalanche hazard levels defined as in Table 2.3. Source: BBF &
SLF [1984]

considered safe and no limitations are designated for the construction of new
buildings.

Avalanche hazard maps are created by the combination of different factors.
The procedure includes:

• analysis of the avalanche cadaster, which often provides useful information
about historical events;

• analysis of the snow climatology of the region;

• knowledge of the topographical and geomorphological settings of the aval-
anche path through accurate mapping, aerial pictures and field survey;

• estimation of the possible types of avalanches and their frequency;

• interpretation of the results of avalanche dynamics calculations.

In Switzerland, the year 1999 was a ”catastrophic” avalanche winter, which
caused the death of 17 persons and damage with a value of about 100 Million
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Swiss Francs [SLF, 2000]. This was a valuable test of the avalanche hazard
mapping procedure that had been developed since the extreme avalanche winter
in 1951. In most cases, the avalanches stopped within the avalanche hazard
zones, however 40 of about 1200 large avalanche events surpassed the limits
of the existing hazard zones. In most cases, the primary deficiency was the
underestimation of the hazard of powder snow avalanches. In other cases, the
avalanche release areas were much larger than estimated by the experts for the
simulation of 300 and 30yr avalanches. Other reasons for the passing of the
hazard zone boundaries were multiple avalanches in single tracks within a short
time period, the underestimation of fracture depths and the under-dimensioning
of deflecting dams [Gruber & Margreth, 2001; Gruber & Bartelt, 2000].

The avalanche winter of 1999 highlighted deficiencies in the avalanche hazard
mapping procedure and underlined the importance of being able to deal with the
uncertainties present in avalanche hazard maps. Barbolini [1999] understood
the importance of this problem and combined avalanche dynamic calculations
with statistical analysis to create a methodology to quantify these uncertainties.

2.5 Geomorphological characterization of the terrain

In this study, an important issue is to define and characterize potential aval-
anche release areas on the basis of topographical parameters, such as terrain
slope, aspect or curvature. The question that arises was therefore how to de-
termine these topographical attributes. The procedure developed here makes
use of a Geographical Information System (GIS) where the primary input is a
Digital Elevation Model (DEM) (see Chapter 4). As explained in the following,
the combination of digital elevation models and GIS permits the extraction of
many topographic attributes of the terrain.

2.5.1 Geographical Information Systems

In general, a GIS represents phenomena of the real world in terms of their
geographical positions, their properties and their spatial interrelations. In the
past many definitions of GIS were formulated. An extensive description of the
history of GIS can be found in Coppock & Rhind [1991].

A GIS is a very useful system to analyze geographical databases that at-
tempt to represent reality. Peuquet [1984] explained geographical databases as
the results of an analysis considering the following four levels of abstraction:

1. Reality - the real world including all its characteristics.

2. Data model (or conceptual model) - an abstraction of the reality, which
includes features relevant for the study that has to be conducted.

3. Data structure (or logical model) - a representation of the data model
which reflects implementation issues and is often represented as diagrams
or arrays.

4. File structure (or physical model) - the representation of the data in
storage hardware.
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Therefore, the creation of a geographical database is strongly dependent on
many factors, but most of all data structures and storage [Maguire & Danger-
mond, 1991].

Maguire & Raper [1990] give a good insight into the major types of functions
which characterize GIS. There, different types of data storage and structure are
given. A regular-gridded DEM, as used in this work, belongs to the class of
regular tessellation structures. Other good reviews of data structures are given
by [Moore et al., 1991; Weibel & Heller, 1991; Carter, 1988].

A regular-gridded DEM is a representation of the terrain by a regular lattice
(or grid) of points at fixed distance (resolution of the DEM), with the attributes
x and y, which localize a point in a 2D-space, and z, which represents the
elevation of the point (Fig. 2.5a). The resolution of the lattice is important
to allow representation of terrain features such as gullies or ridges present in
the terrain. In order to represent the terrain to a required level of accuracy,
the point density must be sufficiently high and problems related to computer
memory capacity may arise, in the case of a very large study area.

Another possibility to represent terrain is by a Triangulated Irregular Net-
work (TIN), first introduced by Peucker et al. [1978]. In this case, the irregular
network is composed of triangular elements of different size with the vertices
at the sample points (see Fig. 2.5b). A TIN is able to describe accurately the
terrain complexity using less points, because it can use different point densi-
ties, i.e. higher density only where the relief is more complicated. Moreover,
structural features, such as sharp ridges, can be inserted into the network, in
order to improve the representation of the terrain.

(a) (b)

Figure 2.5: The two most commonly used data structures for digital ter-
rain models: (a) regular-gridded DEM, (b) Triangulated Irregular Network.
Source: Weibel & Heller [1991].

However, the extrapolation of terrain characteristics such as slope, aspect
and curvature, is not so straightforward as it is with regular structures. Not
all grid-based algorithms today have an efficient counterpart in TIN [Weibel
& Heller, 1991]. Regular-gridded digital elevation models have emerged as the
most widely used because they are simple and they are very suitable for seve-
ral kind of simple computer implementations to obtain terrain characteristics
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[Moore et al., 1991; Wise, 1998; Moore et al., 1993]. Most importantly in the
context of this work however, regular grids have the distinct advantage that
their spatial unit of reference - the grid point or grid cell - is uniform every-
where throughout the DEM. In contrast to TINs with their irregular shaped and
sized triangles, this ensures easy and consistent comparison of multiple terrain
parameters or between different study areas. This is the reason for the choice of
a regular-gridded DEM as input to the procedure of defining and characterizing
potential avalanche release areas in this work.

2.5.2 Derivation of topographical attributes from a DEM

From a DEM, several terrain attributes can be derived with GIS. Wilson &
Gallant [2000], Moore et al. [1991] and Moore et al. [1993] distinguished between
primary topographic attributes that are derived directly from the DEM and
secondary topographic attributes that are a combination of primary attributes
and provide indices about the spatial variability of physical processes happening
in the real world. An example of a secondary attribute is the potential solar
radiation, that is computed in a GIS as a function of latitude, slope, aspect,
topographic shading and time of year. Slope and aspect are examples of primary
attributes; an exhaustive list of primary attributes is given in Wilson & Gallant
[2000], where their definition and significance are discussed.

Here, the methods to compute the primary topographic attributes, which are
used in Chapter 4 to define and characterize potential avalanche release areas,
are described, together with references to works that explain them more in
detail. Primary topographic parameters are derived from the DEM computing
the derivatives (first and second) of the surface; since the gridded surface is
discretized, the derivatives are approximated either by computing difference
within a kernel or by fitting a polynomial to the data within the kernel.

Slope and Aspect
Evans [1980] defined slope as the plane tangent to the DEM surface at a

given point (center of a cell) and composed of two components: gradient, the
maximum rate of change in the elevation, and aspect, the compass direction
of this maximum. Other works, included the present study, use slope synony-
mously for gradient as previously defined. Slope can be computed with different
methods, for example finite differences or maximum downward slope. Gallant
& Wilson [2000] give an overview of different procedures to compute slope and
aspect from a gridded DEM. Different studies have been carried out to eva-
luate the accuracy of several slope calculation methods, e.g. Florinsky [1998],
Onorati et al. [1992] and Skidmore [1989].

Here the method implemented in ArcInfo, a wide-spread commercial GIS,
is used [ESRI, 2001]. The slope function fits a plane to the z values of a 3x3 cell
neighborhood around the processing or center cell. The compass direction of
this plane is the aspect for the processing cell. The slope of the cell is calculated
from the 3x3 neighborhood using a finite difference estimator [Horn, 1981]. This
method has also been shown consistently to be among the most accurate by the
evaluation studies referred to above.
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Curvature
With second derivatives on the surface, curvature is computed. Plan curva-

ture is the rate of change of aspect along a contour and profile curvature is the
rate of change of slope along a flow line. Shary et al. [2002] give a list of different
procedures to compute curvature, together with sets of mathematical formu-
lae. In these methods, the surface is represented by a polynomial (of different
order in the different cases) fitted to the surface. Schmidt et al. [2003] com-
pared methods that use fitting polynomials of different orders and found that
quadratic surfaces give more stable results than higher order surfaces, which
can fit more complex landforms but are reliable only for very accurate DEM
data.

x
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Z3Z2
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Figure 2.6: 3x3 cells window used to calculate curvature in the central cell: d
is the lattice resolution, Zi the elevation value for the cell i.

Here the method implemented in ArcInfo is used [ESRI, 2001] and it is based
on the procedure explained in Zevenbergen & Thorne [1987]. Plan and profile
curvature are calculated on a cell-by-cell basis. A second-order polynomial in
two variables is fitted to a surface composed of a 3x3 window – the central cell
plus eight neighbors (see Fig. 2.6) – and has the following expression:

Z = Ax2y2 +Bx2y + Cxy2 +Dx2 + Ey2 + Fxy +Gx+Hy + I. (2.6)

The mathematical expressions to derive plan and profile curvature from the
second-order polynomial in two variables 2.6 are:

Zxx = 100
z6−z5

d − z5−z4

d

d
= 100

z4 + z6 − 2z5
d2

(2.7)

Zyy = 100
z8−z5

d − z5−z2

d

d
= 100

z2 + z8 − 2z5
d2

(2.8)

In Section 4.2.1, the values -0.2 and +0.2 are used as threshold values for
plan curvature to identify concave, ”flat” and convex areas. With a lattice
resolution d of 50 m, the chosen value of -0.2 corresponds to an elevation increase
(z6 − z5 and z5 − z4) of 2.5 m within 50 m of both sides of the center position
[Schmid & Sardemann, 2003].
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2.5.3 Effect of DEM resolution in computing topographical at-
tributes

Two problems are always present when working with gridded digital elevation
models in the procedure of identifying different terrain features: the influence
of the quality of the DEM data source and the sensitivity to the DEM reso-
lution. Wilson et al. [2000] highlighted the sensitivity of selected primary and
secondary topographic attributes to the choice of DEM data source, DEM re-
solution and algorithm. Here, only the effect of the DEM resolution in deriving
terrain features is addressed. Six simple geomorphometric classes are defined
by Wood [1996], Evans [1980] and Peucker & Douglas [1975]: channel, pass,
peak, pit, plane and ridge (see Fig 2.7). But how well can these features be
identified? Fisher et al. [2003] formulated a question: ”Where is a mountain?”
and made considerations about how a mountain is perceived by humans and
how a mountain can be identified within a GIS. While it is relatively clear how
a mountain is seen by humans, it is more complicated to be able to identify
uniquely a mountain within a GIS. Figure 2.8 shows the different classes which
a point belongs to with respect to the scale of the analysis. This is exactly the
problem that arises in the classification of a point into one of the six morpho-
metric classes listed above.

Channel Pass Peak

Pit Plane Ridge

Figure 2.7: The representation of 6 different geomorphometric classes by a
gridded digital elevation model. Source: Fisher et al. [2003].

A common result achieved from many past studies, such as Quinn et al.
[1991], Panuska et al. [1991], Wolock & Price [1994], Zhang & Montgomery
[1994], Moore [1996] and Wilson et al. [2000], is that a coarser DEM resolution
tends to have a ”smoothing” effect on computed topographic surfaces, therefore
short, steep slopes or other small topographic attributes tend to disappear with
reductions in the DEM resolution. At higher resolutions, more complex terrain
can be described by a gridded DEM, but sometimes all these small scale changes
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are not interesting for the analysis at hand. Therefore, when researchers have
to address the problem of the classification of terrain features, they should first
think about the spatial scale typical of the phenomena under study.

channel

plane

ridge

P

Figure 2.8: Different geomorphometric classes the point P belongs to, with
respect to the scale over which the classification is performed. Source: Fisher
et al. [2003].



Chapter 3

Study area and database

3.1 Location of the study area

The study area is located in the region of Davos in Canton Grisons in Switzer-
land. It is a mountain area of about 300 km2 with altitudes between about 1500
m and 3200 m a.s.l.. The main features are the principal valley with a NE-SW
direction and three parallel lateral valleys with a NW-SE direction (Flüelatal,
Dischmatal and Sertigtal). Four ski-resorts are present in this area. Since they
are located mostly above the tree-line, the ski-patrols of these resorts have a
good view of many parts of the Davos area, and therefore they are able to
observe many avalanche events.

KLOSTERS

DAVOS Flüelatal

Dischm
atal

Sertig
tal

MONSTEIN

Figure 3.1: Location of the study area of Davos (Grisons, CH). Map repro-
duced by permission of swisstopo (BA046644).

20
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The climate in this region is influenced by oceanic and continental regimes
with a long winter season. Usually, snow covers the valley bottom from De-
cember till April, and it is present at an altitude of 2500 m from October till
July (Fig. 3.2). The average winter precipitation is 417 mm (about 70% as
snow) and the average winter air temperature is -2.9 ◦C at an altitude of 1560
m a.s.l.(values taken from [Aschwanden, 1996] for the period November-April).

Davos Fluelastr. 1560 m (5DF)
Winter 2003/04
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Station: Davos Fluelastr. 5DF  (783800/187400) 1560m Messnetz: VG Anzahl Winter:  59 (1946...2004) Erstellung: 01.06.2004
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Station: Weissfluhjoch 5WJ  (780845/189230) 2540m Messnetz: VG Anzahl Winter:  68 (1937...2004) Erstellung: 01.06.2004

Figure 3.2: Meteo stations Davos Flüelastrasse and Weissfluhjoch operating
for 59 and 68 years, respectively: snow height (in red the value for the current
year; in green, blue, violet, respectively the value of the mean, the maximum,
the minimum over the past years), air (red) and snow (blue) temperature.
Source: SLF Database.

In these climatic conditions, avalanches of all types (see Section 2.1) can
occur. The avalanche activity is varied: some avalanche paths are characterized
by frequent avalanches of small dimension and others by avalanches of large
dimension but with lower frequency. There exist areas, mainly in ski-resorts,
where the method of artificial triggering is used to keep the ski-runs safe in terms
of avalanche danger. Since this procedure is used before a consistent amount of
snow can accumulate, the artificially triggered avalanches are usually of small
dimensions.

The variety of avalanche type and activity makes this region suitable for
this study, which tries to evaluate the influence of topographical features on
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the size and frequency of avalanche events. Figure 3.3 shows the frequency of
the avalanches in a selected area of the region of Davos.
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Figure 3.3: Avalanche frequency in the area of Dorftälli in the period
1949 - 1992. Topographic base map reproduced by permission of swisstopo
(BA046644).

3.2 Description of the Database

In the region of Davos a large database of about 5000 avalanche events over
the last 50 years is available. There are three defined areas where avalanches
should be observed by ski-patrols and reported to the Swiss Federal Institute
for Snow and Avalanche Research (SLF). They observe large avalanches cau-
sing damage or arriving at the valley bottom as well as smaller avalanches
in the neighborhood of the ski pistes. The database is also supplemented by
avalanche observations from back-country skiers and by avalanche security per-
sonel of the community of Davos. For the analysis performed in this research,
natural avalanches of any types and dimension are relevant.

Every winter, the avalanches that occurred in this region are recorded in a
winter report, Winterbericht [SLF, 2002], with annotations about each parti-
cular event. Moreover, all the avalanches recorded in these winter reports have
been digitized in a GIS to create a digital database. The relevant information
for the analysis performed in this study are the avalanche outline, the trig-
gering (spontaneous or artificially triggered) and the width of the avalanche.
For this study, the natural avalanches are of the most importance; 3297 natu-
ral avalanches are recorded in the Davos database (65% of the total recorded
avalanches).
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Figure 3.4: Overview of the region of Davos. The areas marked in black are
where the ski-patrols should register observed avalanche events. Topographic
base map reproduced by permission of swisstopo (BA046644).

Figure 3.5: Overview of the digital database of Davos: natural avalanches
(red lines). Topographic base map reproduced by permission of swisstopo
(BA046644).
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Unfortunately, precise information does not exist for all the avalanches
recorded. As a consequence, the quality of the database is not homogeneous,
because avalanches that occurred in areas far from villages or ski resorts or
avalanches that happened at night or in a stormy period may not have been
recorded or have been recorded with limited detail.

Figure 3.6 shows an example of the uncertainty in recording avalanche
events. Most of these avalanches happened outside the controlled areas, but
the three avalanches that are located in the right most part of the picture lie
inside a ski-resort controlled area and were not reported by the ski-patrols.
These avalanches released while it was still snowing slightly and, due to snow
deposition, it was not easy to define precisely the avalanche outline. This is a
clear example of the problems that influence the quality of the database.

Another study that can give insight as to the quality of the database of Davos
was performed by SLF personnel at the end of February 2003 on avalanches that
occurred on the days 6th-7th February 2003 [SLF, 2003]. It was a situation of
high avalanche activity and many avalanches were not reported by the ski-
patrols, who were probably busier with the security of the ski-resorts than with
recording avalanches. This is understandable, but it is still an important source
of error in the database, which has to be kept in mind while performing the
statistical analysis.

Figure 3.6: View from Sentischorn in the Western direction: avalanches ob-
served on 10th February and not previously registered. The white line on
the right delineates the boundary of the ski-area of Jakobshorn. Photo: T.
Wiesenger, SLF.

Another example of poor data are the three avalanches that were released
somewhere close to Monstein in the winter of 1951, which were recorded simply
as a line on the map, even the day of their release is uncertain [SLF, 1952]. On
other occasions, the person who recorded the avalanche event drew only the
boundary of the deposition zone or of the upper limit of the release zone.
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However, high quality data are also available; there are cases when even
the lower limit of the release area (Stauchwall) was visible and recorded in the
Winterbericht.

An example of such accurate data is the recording of the avalanche which
naturally released on 26th January 1968 from the East side of Schiahorn at an
elevation of about 2640 m a.s.l. (Fig. 3.7). This avalanche was well recorded
and much detail is given in the Winterbericht [SLF, 1969], including pictures,
information about the damage (see Fig. 3.8) and details of the rescue action
and preventive measures adopted due to the critical meteorological conditions.

Figure 3.7: Perimeters of the Dorfbach avalanche in Davos Dorf on 26th
Januar 1968. Example of a well recorded avalanche. Topographic base map
reproduced by permission of swisstopo (BA046644).

50-100% DESTROYED

SERIOUSLY DAMAGED

SLIGHTLY DAMAGED

Figure 3.8: Dorfbach avalanche in Davos Dorf: one of the avalanches that in
Winter 1968 produced most damage. Source: SLF [1969], p.97-98.
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In summary, in Davos there exists a good but imperfect database. Unfortu-
nately, there is no possibility to derive a measure of the quality of the recording
of every avalanche, because the data cannot be anymore compared with the
corresponding historical avalanche events.

3.3 Choice of the analysis and validation area

On the basis of all the considerations explained in this Chapter, a selection
was made in order to consider only those areas which are easily visible from
ski-resorts or from villages, i.e. areas where there is a good chance that all
the avalanche events have been recorded (see 4.2.2). The region selected as
study area for the analysis covers about 70 km2 including the ski-resort of
Jakobshorn, a part of the Parsenn ski-resort, the area around Hüreli and around
Strelapass. The regions further north, from Gotschnagrat/Casanna down to
Klosters, and the region further south, from Amselfluh on the Western side to
Monstein on the Eastern side, were used as test areas to validate the whole
procedure (Fig. 3.10). These three areas are similar: in all of them ski-resorts
are present, the forest covers about the same proportion of the landscape and
the topography is similar. Figure 3.9 shows that the distributions of the values
of the slope-angle and of the plan-curvature have very similar patterns for the
three regions, whereas, with respect to the aspect, the northerly validation area
presents more northern aspect than southern one.
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Figure 3.9: Distributions of the values of the slope angle (in degrees), of the
aspect (in degrees clockwise from North, -1 - 0 means horizontal terrain (lake))
and of the plan curvature (in 1/100m) for the evaluation area, the validation
area South and the validation area North (as in Fig. 3.10).
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Figure 3.10: Selected areas for the evaluation area (blue box) and for the
validation areas (pink polygons). Topographic base map reproduced by per-
mission of swisstopo (BA046644).



Chapter 4

Potential avalanche release
areas

4.1 Introduction

In this chapter three key questions about potential avalanche release areas are
addressed:

1. Where are they found?

2. What are their topographic characteristics?

3. How are they related to avalanche frequency and extent?

With respect to the first two questions, many studies have already been done
to try to localize potential avalanche release areas, some with respect to the
avalanche hazard related to land use planning or safety of traffic roads [Mar-
greth et al., 2003], others with respect to avalanche hazard related to recre-
ational activities such as skiing, ski-touring, etc. [Jamieson & Geldsetzer, 1996;
Weir, 1989]. Schmid & Sardemann [2003] developed a method to define re-
lease areas for very frequent avalanches (return period 3 years), to simulate
those avalanches with a two-dimensional model, and to study the influence of
the avalanche depositions on the presence of permafrost. McClung & Schaerer
[1993] discuss in detail the characteristics of the starting zone of an avalanche.

In reality, whenever the avalanche hazard has to be assessed, the release
area is one of the most important parameters that has to be determined. Until
now, the common procedure for estimating avalanche release areas was based on
critical slope angles and on site evaluation of avalanche paths. This study aims
to develop a consistent and reproducible method to identify potential avalanche
release areas on the basis of more topographical parameters, such as for example
slope together with curvature and aspect. The combination of GIS techniques
with an elevation model (DEM) is the most important characteristic in making
this method a reproducible tool which can be used in different areas, provided
a DEM is available.

The third question is an important point of this research, because here the
avalanche activity is defined not only as the frequency of the avalanches [Stoffel

28
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et al., 1998; Gleason, 1995; Glazovskaya, 1998], but as the frequency and also
the extent of the release area of past events with respect to the total potential
release area (PRA). The avalanche activity is represented by a release area
distribution that describes how many avalanches occurred in a PRA and with
what extent (see Section 4.4).

The initial three questions are taken to delineate the structure of this Chap-
ter, which is divided into three parts giving detail descriptions of these steps:

1. Definition of PRAs based on rules related to topographical parameters
(Section 4.2).

2. Characterization of the PRAs with more detailed topographical parame-
ters (Section 4.3).

3. Analysis of real past avalanche events with respect to the defined PRAs
(Section 4.4).

The goal of the first step was to identify all potential release areas and to
split them into smaller coherent units that could be considered as standard to
be the PRA of one single avalanche event. In theory, it is possible that all these
slopes may release at the same time, but usually, avalanches occur on smaller
portions that (a) are distinguished from each other by topographical features,
such as ridges, and (b) show a certain topographical homogeneity within their
extent. Yet, a general definition of the criteria that separate neighboring release
areas from each other is not available. The goal of this step is to propose such
a definition for a standard potential release area - remaining aware that this
definition might fail in some extreme cases. However, for the purpose of this
research, such a definition is essential in order to be able to automatically
delineate potential release areas and to have an objective basis on which to
carry out the analysis of the topographic parameters in the various PRAs. The
PRA definition procedure is made of three steps which are referred to as (a),
(b) and (c) in Section 4.2.

In the second step, small scale topographical parameters were derived from
the DEM to characterize each PRA. Finally, in the third step, the release areas
of the past avalanche events were analyzed with respect to their extent and
frequency.

All the steps are based on automatic procedures using macro language AML
(Arc Macro Language) of the GIS software ArcInfo [ESRI, 2001] so that they can
be easily transferred to other areas. The DHM25 of the Swiss Federal Office
of Topography was used as a DEM (resolution of 25 m). This also enables
the transfer of the procedure to other areas in Switzerland, since this DEM is
available for the whole Switzerland. With some adjustments, these procedures
should also be usable in other regions outside Switzerland.
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4.2 PRA definition

4.2.1 Method

A rule-based method was created in a GIS to define potential avalanche release
areas. The rules are based on expert considerations about topographical para-
meters influencing avalanche release and on past studies of avalanche release.
In this research, the following criteria were used: forest cover, slope, curvature,
main ridges, size, aspect and altitude difference.
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Figure 4.1: Procedure for the definition of Potential Release Areas: (a) Defin-
ing potential release areas, (b) Separating potential release areas, (c) Merging
and expanding potential release areas.
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Figure 4.1 gives an overview of the procedure, which is described in this
chapter. The original input is the TIN of the region of Davos, derived from
the DHM25 with the ArcInfo command latticetin, from which lattices with
different cell size are derived, and a layer with the information about the forest
cover (reproduced by permission of swisstopo (BA046644)). Some steps of the
procedure were performed working with raster data and some others working
with vector data, depending on the current need. The output is a raster where
all the cells defined as belonging to any identified PRA take the identity value
of that PRA and the remaining space is flagged as null. Then, this raster file is
transformed to a vector file with polygon topology to analyze the results and
to perform further analysis.

(a) Defining potential release areas

Here, the parameters forest and slope are used to define a large unique potential
release area, that is then split using other parameters.

Forest
In general, avalanches can initiate on any slopes with a certain inclina-

tion unless dense forest is available to prevent avalanche initiation [Munter,
1997; SLF, 2000; Gubler & Rychetnik, 1991]. The use of forests as active aval-
anche protection is well known and much research has been done to identify the
characteristics that make forest good avalanche protection [Frey et al., 1987;
Schneebeli & Meyer-Grass, 1993].

The regions covered by forest are excluded from the potential release area
simply subtracting the raster file representing the forest from the DEM.

Slope angle
Slope angle is the most important topographical parameter for avalanche

formation. Systematic identification of release areas considers slope angles with
values between 30◦ and 50◦, occasionally 60◦, to be ideal for avalanche initiation.
Salm et al. [1990] suggested considering as release area, for dense avalanche
calculations, regions with a slope angle between 30◦ (eventually 28◦) and 50◦.
Schweizer et al. [2003], Butler & Walsh [1990], LaChapelle [1985] considered
values between 30◦ and 45◦. Perla [1977] found that the mean slope angle
for 194 slab avalanches was 38◦ with a standard deviation of 5◦; Schweizer &
Jamieson [2001] analyzed 809 skier-triggered avalanches and found a mean slope
angle of 38.8◦ ± 3.8◦.

In the present study, only natural avalanches are considered and the hy-
pothesis is that they can initiate on slopes with an inclination between 30◦

and 60◦ (Fig. 4.2). Below 30◦ the gravitational force is too weak to initiate an
avalanche, whereas on slopes steeper than 60◦ avalanches are very frequent but
of small dimensions, since avalanches occur before deep snow accumulates on
such slopes.

The slope angle is derived from the digital elevation model, that has first
been resampled to a cell size of 10 m, and only areas with slope angles between
30◦ and 60◦ are selected. The resampling procedure did not add any uncertainty
because the distribution of the difference between the slope angle calculated
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Figure 4.2: Selection of a potential avalanche release area based on the consi-
dered slope-angle condition. Topographic base map reproduced by permission
of swisstopo (BA046644).

from a 10 m lattice and the slope angle calculated from a 25 m lattice has a
standard deviation of 3.15◦, which is of the same order of the uncertainty of
the slope values calculated from the original DHM25.

(b) Separating potential release areas

The following parameters are used to separate the large unique potential release
area into smaller units that can be related to single avalanche events.

Main ridges
Ridges are important terrain features which separate different cirques or

areas with different aspect. Their importance is related to the phenomenon of
snow-drift. Wind contributes to snow loading and is often considered the most
active avalanche contributing factor after new snow [Schweizer et al., 2003].
Gauer [1999] measured the snow deposition and erosion pattern on both sides
of a mountain ridge and found that, averaged over the whole slope, 20-30%
more snow was deposited on the lee side compared to a study plot placed on
flat terrain. For avalanche calculations, Salm et al. [1990] suggested an increase
of the fracture depth by a factor linked to snow-drift for release zones that are
influenced by this phenomenon.

Main ridges are excluded from a potential release area selected with the
two previous criteria and used as separating feature. They are automatically
derived from the DEM using a procedure which is the combination of the two
methods explained briefly in the following:

1. Areas with large aspect change (>40◦) and highly positive values of cur-
vature (>1 1/100m) are selected with ArcInfo GRID commands, in order
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to identify potential ridges (the corresponding part of the AML program
is given in the footnote1, in order to make the description of this method
clearer for GIS specialists).

2. In this method, first, the original DHM25 is converted to a TIN (Trian-
gular Irregular Network) with the ArcInfo command latticetin with the
default values for the necessary parameters. Secondly, from this TIN, two
lattices with different resolutions (10 m and 50 m) are derived with the
ArcInfo command tinlattice. Then, the cell size of these two lattices is set
to the same value (10 m). Finally, the difference between the z-coordinate
of the two lattices is computed identifying regions with positive or nega-
tive values (Fig. 4.3). The regions with positive, respectively negative,
values are considered as ridges, respectively gullies [Bertogg, 2001].

2000

2050

2100

2150

2200

2250

2300

2350

2400

2450

2500

2550

Lat_50m
Lat_10m

20050 100 150

El
ev

at
io

n 
(m

 a
.s

.l.
)

Figure 4.3: Determination of ridges and gullies with the method of the dif-
ference between lattices at different resolutions. The dark blue histogram
represents the elevations of the points of the lattice at 10 m resolution, the
light blue the elevation of the points of the lattice at 50 m resolution, resam-
pled to a cell size of 10 m. Violet areas are gullies and red areas ridges.

The intersection of those two regions delineates the main ridges. In Fi-
gure 4.4 the results of the ridge definition for Bräemabüel show the quality of
the procedure: sharp ridges were very well defined, whereas separation areas
between a steep slope on one side and a flat slope on the other side could not

1First part of the AML code to define ridges. In bold is the condition already explained by
words in the text; the last four operations have the goal of excluding ridges of small dimension.
The inputs are two lattices with resolution of 10 m and 50 m):

aspect = aspect(lattice10)
der asp = slope(aspect)
curv 50 = curvature(lattice50,prfcu50a,pcu 50a)
curv50 10 = resample(curv 50,10)
ridges = con(der asp GT 40 and curv50 10 GT 1,1)
ridges sum = focalsum(ridges)
ridges sum1 = con(ridges sum GT 0,1)
ridges reg = regiongroup(ridges sum1)
ridges sel = con(ridgesreg.count GT 300,1)
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be recognized as ridges. Changing the threshold values for the aspect change
(45◦, 50◦) and for the curvature (1.5, 2) did not improve the results.

0 400 800 1200 1600 Meters

N

EW

S

well defined
ridges

ridge not defined

Figure 4.4: Result of the definition of main ridges. Topographic base map
reproduced by permission of swisstopo (BA046644).

Curvature
Profile and plan curvature are determining factors for the acceleration/deceleration

and convergence/divergence of near-surface flows [Gallant & Wilson, 2000;
Mosley, 1974; D’Souza & Morgan, 1976]. They also affect the distribution of
stresses in the ground and in any snow or ice cover. The shape of the slope in-
fluences deposition and depth of snow [Luckman, 1978]. Those paths that have
a concave plan curvature, such as a bowl or a cirque, are able to trap blow-
ing snow from several directions in relation to the wind direction [Armstrong
& Williams, 1986], while on those paths that have convex plan curvature the
snow is often blown away resulting in a thinner snow-pack. Gleason [1995] and
McClung [2001] found that avalanches are more frequent in starting zones with
concave plan curvature.

The plan curvature is used to separate concave areas from ”flat” and convex
ones. It is computed in GRID with the function curvature as explained in
Section 2.5. The following criterion is adopted (Fig. 4.1):

• concave areas: plan curvature ≤ -0.2 1/100m

• ”flat” areas: -0.2 1/100 < plan curvature < +0.2 1/100m

• convex areas: plan curvature ≥ +0.2 1/100m
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The cell size of the DEM is reduced to 50 m so that only the large scale variations
in curvature are considered, since the smaller scale topographical curvature
changes are not capable of separating neighboring release areas from each other.
The chosen value of -0.2 1/100m corresponds to an elevation increase of 2.5 m
within 50 m of both sides of the center position [Schmid & Sardemann, 2003].
Areas with a value of plan curvature lower than -0.2 are considered concave
PRA [Schmid & Sardemann, 2003; Maggioni & Gruber, 2003]. Independent of
size, they are considered self-contained, i.e. they are classified as the core of
one single potential release area. A sensitivity analysis on the threshold values
for the plan curvature was performed and is discussed in Section 4.2.4.

Size
This research is oriented to avalanche hazard maps and therefore small

release areas are not relevant for this work. The size of the areas is taken as a
criterion for determining whether the ”flat” and convex PRA (plan curvature
higher than -0.2 1/100m) are big enough to be considered self-contained. A
value of 5000 m2 is taken as threshold value. Smaller areas are classified as
expansion areas in which the self-contained PRA can be expanded (Fig. 4.6).

Altitude range
A self-contained PRA is split if its altitude range is more than 200 m. This

differentiation is necessary since on steep and long slopes, where the critical
slope angle never falls below 30◦ except for near the run out zone, the whole
area would be assigned as one single PRA. This is not reasonable, since im-
portant criteria for the determination of avalanche frequency may vary along
this distance, leading to a very inhomogeneous characterization of the PRA.
The value of 200 m was arbitrarily introduced by visual comparison of the re-
sults to observed avalanche events. In the SLF experimental test site of Vallèe
de la Sionne, very large avalanches were triggered and the altitude difference
inside the release area (mean slope angle of 35◦) was never more than 200 m,
corresponding to an avalanche release length of about 350 m [Sovilla, 2004].

This separation is again performed in ArcInfo GRID. The maximum altitude
inside each PRA is calculated and only cells with a value of altitude greater
than (maximum altitude - 200m) are considered to belong to that PRA.

(c) Merging and expanding potential release areas

Aspect and altitude difference
Two additional criteria are used to arrive at the final potential release areas.

Adjacent areas are merged if the altitude difference is less than 100 m and the
mean aspect difference is less than 45◦. In the remaining expansion areas the
self-contained PRA can linearly expand.

These last steps are also performed working with raster data. A neighboring
procedure is applied to check the values of aspect and altitude for those areas
close to the considered PRA; the same identity number is given to PRAs that
fulfill the merging criteria. After the merging, a recursive geometrical expansion
of all the self-contained PRAs is performed, to fill the expansion areas (see
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Fig. 4.5). The effect of the expansion of the self-contained PRAs into the
expansion areas is clear in Figure 4.6.

concave PRA "flat" PRA

convex PRAiteration 1
iteration 2

iteration 4
iteration 3

Figure 4.5: Geometric expansion procedure: the initial self-contained PRAs
can expand recursively into the expansion area (yellow), resulting in the final
PRAs drawn with thick dark boundaries.
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Figure 4.6: The black lines represent the boundaries of the PRAs resulting
after the expansion procedure: pink, blue and red represent concave, convex
and ”flat” self-contained PRAs respectively, the other colors represent ex-
pansion areas. Topographic base map reproduced by permission of swisstopo
(BA046644).
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4.2.2 Results

The potential release areas defined by the automatic procedure applied in the
selected area in Davos are shown in the following figures. Figure 4.7 gives an
overview of the whole region. It shows the percentage of the evaluation area
that is prone to avalanches, but the boundaries of single PRAs are not drawn.
A more detailed view of Jakobshorn, with each individual PRA delineated, is
given in Figure 4.8. Here, it is possible to recognize some release areas that were
well defined and some others that were not. Therefore, five additional rules were
introduced at the end of the automatic procedure to eliminate potential release
areas that, for different reasons, are not relevant to definition of PRAs for the
purposes of avalanche hazard mapping.



Figure 4.7: Overview of the potential avalanche release areas in the whole
region of Davos (black areas). This figure gives a global overview and does
not show the separation between each single PRA. Topographic base map
reproduced by permission of swisstopo (BA046644).

The following PRA have been eliminated, those which:

• are smaller than 5000 m2;

• contain avalanche protection measures;

• are between forest and belonging to the track of other avalanches;

• are below the forest, on the valley floor;

• are not visible from ski-resorts or villages.
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Figure 4.8: Result of the automatic definition of the potential avalanche re-
lease areas in a part of the selected area in Davos: Jakobshorn (before the
expert selection). Outlined in red are examples of PRAs within forest (a),
on the avalanche track of avalanches that initiate above (b), below the forest
close to the valley floor (c). Topographic base map reproduced by permission
of swisstopo (BA046644).

Many PRAs were deleted due to the first rule. It often happened that small
areas with a slope angle greater than 30◦ were detected inside wider regions
with overall flatter inclination. These areas are usually very small and really
related to local changes in the topography, small scale changes not interesting
in comparison to the scale of common avalanche release areas. As this research
focuses on avalanches that are relevant for avalanche hazard maps, small release
areas are not of interest since they are not able to produce avalanches belonging
to a category important for avalanche hazard assessment (see Chapter 2.4).

Figure 4.9 presents a good example of automatically defined PRAs that
cover exactly a zone where avalanche retaining structures have been built. The
fact that this procedure is able to delineate such protected areas is an indication
of the quality of the procedure. These areas cannot be included in the analysis
of past avalanche events (Section 4.4), because the terrain was disturbed and
the consequent avalanche activity is not comparable with that of other PRAs
or with the activity before the defence structures have been built.

The PRAs defined in the region of Brämabüel are a good example of areas
between forest and along the track of other avalanches. The slope north of
Brämabüel is always above 30◦ and with an altitude difference of about 1000
m, therefore the rule of the 200 m is applied there to separate different PRAs.
As Figure 4.10 shows, there exist steep channels in the forest which were defined
as PRAs, but in reality are avalanche tracks. Based on these considerations,
they were not included in the final PRA database.
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Figure 4.9: Example of expert selection of PRAs. The filled areas are consi-
dered as valid PRAs. The unfilled ones are not considered as PRAs, because
the areas are not visible (Schiatobel) or because of the presence of avalanche
protection measures (end of the South-East ridge of Schiahorn). Topographic
base map reproduced by permission of swisstopo (BA046644).
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Figure 4.10: Map of Brämabüel: clearly visible are the steep channels between
the forest, automatically delineated as PRAs but subsequently deleted because
they are considered as avalanche tracks. Topographic base map reproduced
by permission of swisstopo (BA046644).
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With the proposed automatic procedure, areas close to the valley floor
and/or below the lower limit of the forest were defined. In these locations,
no avalanches have been observed and if any were observed, they would be only
sluffs and thus not of interest with respect to avalanche hazard maps. Therefore
those PRAs are excluded from the database.

The evaluation area was chosen around the village of Davos and includes
parts of the ski-resorts. In Chapter 3, it was said that only areas visible from
the villages or the ski-resorts are considered, but the evaluation area must be
chosen as a rectangle because of some operations to be performed on the DEM.
Therefore, most of the evaluation area is visible, but there also exist small
portions within it which are not visible either from the ski-resorts or from the
valley floor (see e.g. the Schiatobel area in Fig 4.9). The PRAs within these
regions are eliminated because, even if well defined as PRAs, avalanches that
occurred there might not have been recorded.

After this selection, the initial number of PRAs within the evaluation area of
Davos reduced to 294, with areas ranging from 5000 m2 to more than 100000 m2.
The attribute ”size” was introduced to divide the PRAs database into smaller
classes where the characterization procedure and the statistical analysis of past
events were calculated separately. Since in Switzerland, previous to EAWS
[2003], there existed no classification based on the size of the avalanche, as is
the case in Canada [McClung & Schaerer, 1993], the classification shown in
Table 4.1 was adopted.

4.2.3 Validation

The verification of the methodology was carried out by comparison of the au-
tomatically defined PRAs with the historical avalanche database, described
in Section 3.2. The following were analyzed: areas with historical avalanches
where PRAs were defined, areas with no avalanches where PRAs were defined
and areas with historical avalanches where no PRAs were defined. In 83% of
the defined PRAs, avalanches were recorded, while in 17% they were not. In
Table 4.1 the number of PRAs with and without avalanches is shown, divided
per PRA size class.

Table 4.1: Classification of the total 294 PRAs based on their size; PRAs with
and without avalanches, for different PRA size classes.

Size-class Area (m2) Number PRAs PRAs
of PRAs without ava with ava

1 5000 - 10000 m2 81 25 56
2 10000 - 30000 m2 130 20 110
3 30000 - 50000 m2 55 3 52
4 50000 - 100000 m2 22 2 20
5 > 100000 m2 6 0 6

To check the areas where avalanches were recorded in the historical database
but not defined as PRAs the following simple statistical analysis was performed.
Out of the avalanche database (containing 3297 natural avalanches in total and
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2082 in the evaluation area), avalanches that do not cross defined PRAs were
extracted (440, 21% of the avalanches in the evaluation area). Then, some
characteristics such as size, avalanche crossing forest, maximum slope angle
and mean slope angle, were derived in the GIS and a statistical analysis was
performed.

In Table 4.2, the distribution of these 440 avalanches between the different
size classes is given. The size of the avalanches was computed in the GIS,
taking the value of the area of the polygon when the avalanche was stored as a
polygon, otherwise, if the avalanche was stored only as a line in the database,
a buffering procedure was applied to build a polygon. The buffer distance was
taken to be equal to the avalanche width given in the database, when this
information was available, otherwise equal to 20% of the length of the line.
This buffering procedure is also used in the statistical analysis of the historical
data in Section 4.4.

Table 4.2: Size distribution for the 440 avalanches that released where no PRA
was defined (21% of the total number of natural avalanches that occurred
within the evaluation area). Size classes defined as in Table 4.1.

Avalanche Size Number of avalanches Percentage

1 300 68.2%
2 72 16.4%
3 12 2.7%
4 29 6.6%
5 27 6.1%

The analysis of how many avalanches started inside forested areas was per-
formed manually on the map. There are 26 avalanches (out of those 440 which
are in areas where no PRAs were defined) with release area in the forest (5.9%)
and 18 just above the forest (4%), giving a total of around 10%.

The analysis of the release areas of avalanches with respect to their mean
and maximum slope angle was performed in S-Plus:

• 326 avalanches (74%) released from areas with a mean slope of less than
30◦ (Fig. 4.11 (a)).

• 176 avalanches (40%) started from an area with a maximum slope angle
smaller than 30◦ (Fig. 4.11 (b)).

In summary, within those 440 avalanches which released from areas not
delineated by the procedure presented in this research, 10% released within
areas that were mapped as forest and 74% had the release area within regions
with a mean slope angle of less than 30◦. Within those 440 avalanches, 59 belong
to size class 4 and 5 and 29 of these released from areas with a slope angle of
less than 30◦. The avalanches of large dimension are important with respect
to avalanche hazard mapping, therefore it is important that they are identified.
There are several possible reasons why they were not properly identified. Most
importantly, these problems might be related to the quality of the database, as
discussed in Section3.2. In fact, many of those avalanches are drawn as lines
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Figure 4.11: Mean slope (a) and maximum slope (b) distributions for the
avalanches that occurred where no PRAs were defined.

starting from areas with a slope angle of less than 20◦, a slope angle that is
considered too low for avalanche releasing. Perhaps this might be due to an
oversight or lack of care of the observers when drawing the lines on the map.

The value of 30◦ was taken as threshold value for avalanche releasing on the
basis of many past studies carried out on the same topic. It is a well accepted
value in avalanche literature. Figure 4.23 in [McClung & Schaerer, 1993] shows
the distribution of the values of the mean slope angle for the release area of dry
slab avalanches and shows that 5% of the analyzed avalanches released within
regions with a mean slope angle smaller than 30◦. Perla [1977] found that less
than 5% of 194 dry slab avalanches had a release area less steep than 30◦. In
the present research, on 2082 avalanches, a percentage of 15% released within
regions with a mean slope angle of less than 30◦ (Table 4.3).

Table 4.3: Avalanches which released within regions with a mean slope angle
smaller than 30◦.

Slope angle Number of avalanches Percentage

< 20◦ 63 3%
20◦ - 24◦ 124 6%
25◦ - 29◦ 138 6%

Combining the conditions ”mean slope angle smaller than 30◦” and ”crossing
forest avalanche”, implies that a total of 80% of the avalanches that started
where no PRAs were defined by the automatic procedure, have the release area
with at least one parameter that breaks the rules used to define the PRAs. This
means that only 20% of the historical avalanches that released where no PRAs
were automatically defined (440), started within regions that fulfill the rules of
the automatic procedure but were not defined as PRAs. On the total number
of the avalanches in the evaluation area (2082), these 20% of 440 avalanches
mean about 90 avalanches which should have been identified from the proposed
procedure, because they released within areas with a slope angle greater than
30◦ and not within forest, but they were not. Because of this fact, an analysis
of the avalanches which started where no PRAs were identified was performed
manually on the map.
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This manual analysis highlighted again some problems related to the quality
of the database (see Section 3.2). Some avalanches have been recorded on the
map in regions with a slope angle of less than 25◦ (in one case only 12◦), values
considered too low for avalanche release (unless they were wet avalanches, but
this was not the case: they released in high winter season). The other problem is
the accuracy of the DEM. Some small avalanches had a release area comparable
to or even smaller than the cell size (10 m) of the lattice used in the analysis.
In this case, their detection is almost impossible and it would result in an area
composed of one single cell which would be deleted anyway, due to the selection
rules included in the procedure (see Section 4.2.2).

Another analysis was conducted manually on the maps to check the length of
these 440 avalanches. Except for 49 avalanches that have a length of more than
500 m, the other avalanches are of small size and therefore are not interesting
in terms of avalanche hazard maps. The fact that the corresponding PRAs
were not defined by the proposed procedure seems to be not a problem for the
purpose of this research.

In conclusion, the percentage of historical avalanches that released outside
the PRA identified by the procedure presented in this work is 21% of the total;
this means that this method identified about 79% of the release areas of past
avalanche events.

Another analysis was carried out to study in detail the 79% of historical
avalanche release areas which were identified by the proposed procedure of
defining potential release areas. By means of an AML procedure, a count is
made of how many avalanches released within a single defined PRA and how
many avalanches have a release area covering more than one single PRA. This
gives additional information about the procedure of separating the big initial
potential release area, defined with the common rules related to the forest cover
and to the slope angle (Section 4.2.1(a)), into smaller units that can be related
to single avalanche events (Section 4.2.1(b)). These results indicate that some
40% of these avalanches released from more than one PRA, and some 60%
released from single PRAs. In other words, individual PRAs are related to
individual avalanches in slightly more than half of the historical database. The
procedure to check avalanches within multiple PRAs was done automatically
and anytime an avalanche started from more than one PRA the related count
increased by 1. No difference is considered whether an avalanche released 99%
inside one PRA and only 1% inside another other PRA or if an avalanche
has a release area covering two PRAs with almost the same percentage. This
analysis is seen as a further possible check and may give better information on
the quality of the procedure.

4.2.4 Discussion

The definition of potential avalanche release areas with methods that consider
several topographical features was a first attempt to improve the common rule
related only to the slope angle of the terrain. The resulting PRAs were not
perfectly defined, however, the results show that 79% of the release areas of
past avalanche events were identified by the proposed procedure.



CHAPTER 4. POTENTIAL AVALANCHE RELEASE AREAS 44

This analysis was performed in an automatic way, with the help of a GIS,
in order to have a reproducible and objective tool which could be helpful in
delineating the possible release area for a specific avalanche site. An expert
who has to assess the avalanche danger in a specific site could find such a
tool a valuable addition. Buisson & Charlier [1989] have already indicated the
importance of a knowledge-based or expert system to help specialist consultants
in avalanche path analysis.

This study is another approach along the same lines as that suggested by
Buisson & Charlier [1989]. However, topographical attributes as used in this
procedure to identify PRAs are not the only ones that may be used. Further re-
search could be done to find other attributes, e.g. surface roughness, that might
improve the procedure of defining potential avalanche release areas presented
in this work. From statistical analysis of past events, it is widely accepted that
slope angle is one of the most important factors influencing avalanche release
[Schweizer et al., 2003; Salm et al., 1990; Munter, 1997; Ghinoi, 2003]. This
work is the first that has tried to identify potential avalanche release areas with
a systematic procedure that combines more topographical factors.

For many steps of the procedure threshold values were used to separate
different cases and perform the appropriate operations (Fig. 4.1). For the slope
angle, 30◦ was taken as the lower limit and 60◦ as the upper limit. When
these limits were changed to 28◦ and 50◦ [Salm, 1982], the results changed only
slightly (Fig. 4.12). Therefore the values 30◦ and 60◦ were kept in the procedure
proposed in this research. The same sensitivity analysis was done with respect
to the parameter plan curvature and also in this case, the results showed only
small differences (Fig. 4.13). The initial values of ± 0.2 1/100m were thus kept.
The results of the sensitivity analysis with respect to the choice of the threshold
values for slope angle and plan curvature were also checked directly on the map
and the choice of 30◦-60◦ for slope angle and of ± 0.2 1/100m for plan curvature
resulted in better defined potential release areas in comparison to the results
related to the choice of other threshold values.

Another point of discussion is which is the best DEM resolution to detect
terrain features that can influence the frequency of avalanches of a certain size.
For some parameters, for example curvature, a resolution of 50 m is acceptable
or even better than a smaller one, in order to get a global view of the curvature
of a PRA and not to consider small scale terrain changes. In addition, in the
winter season, the natural terrain is often smoothed by wind transported snow.
Since most avalanches glide on existing snow cover layers and not on the natural
terrain itself (except for full-depth avalanches), a slight smoothing of the digital
terrain model should not influence the accuracy of the procedure.

Another approach to detect terrain features is discussed by Wood [1996],
who introduced a way to extract terrain characteristics from a DEM taking
into account scale dependence. He used always a digital elevation model with
a constant resolution of 50 m and varied the moving window from 3x3 cells to
69x69 cells; then he distinguished locations that are consistently classified as
the same feature from locations that have a high degree of scale dependency in
their classification. As Figure 2.7 shows, what may be a channel at one scale
may be a ridge at another scale. This underlines the importance of the choice
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Figure 4.12: Results of the PRA definition procedure using two different
selection criteria for the slope angle: 30◦ and 60◦ (red line) or 28◦ and 50◦

(orange line). Topographic base map reproduced by permission of swisstopo
(BA046644).

of the dimension of the moving window with respect to the scale of the problem
that is addressed. What could also have been used in the proposed procedure
to get a global view of the curvature of the terrain, and not all the small terrain
changes, is a moving windows of 9x9 cells (instead of the standard 3x3 cells
window used in ESRI [2001]), which has the effect of smoothing the terrain.
However, in this research, the approach of Wood [1996] is not used, but the one
described of degrading the resolution of the DEM from 25 m to 50 m.

For the global procedure of defining PRAs the resolution of 25 m of the
Swisstopo DHM25 is considered good enough if compared to the scale of aval-
anche release areas. Moreover, the idea was to be able to apply this procedure
to other areas in Switzerland, where a DEM with a resolution higher than 25
m is not always available, whereas the DHM25 covers the extent of the whole
of Switzerland. However, the DHM25 is sometimes insufficient to recognize
correctly small features and release areas.

The validation shows that about 80% of the release areas of past events
were correctly defined with the PRA definition procedure that used as input
the DHM25 (Section 4.2.3). Most of the avalanches whose release areas were
not identified correctly, were either small or released on slopes where the DEM
shows a slope angle of less than 30◦. This can be related either to the inaccuracy
of the avalanche recording or to the inaccuracy of the DEM. For the purpose of
this work, the quality of the PRA definition procedure is considered sufficient.

Another possible approach to validating the model would be the approach
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Figure 4.13: Results of the PRA definition procedure using two different
selection criteria for the plan curvature: ± 0.2 1/100m (red) or ± 0.3 1/100m
(orange) to delineate concave, ”flat” and convex areas. Topographic base map
reproduced by permission of swisstopo (BA046644).

of Ghinoi [2003]. In that study, the past avalanche events occurred in Alta
Badia (Dolomites, Italy) and in Tyrol (Austria) were analyzed with respect to
their topographical characteristics. Based on the most common topographical
parameters within the release area of those recorded avalanches, a model was
created to predict new potential avalanche release areas, in terms of susceptibi-
lity. It is a pixel-based analysis, where each pixel of the DEM of the considered
region is described by a combination of its topographical characteristics and a
value of susceptibility. The application of the model by Ghinoi [2003] in the
region of Davos could be used to check if the areas with higher susceptibility
fall inside the PRA defined with the proposed procedure. Such an approach is
recommended for the future.

4.3 PRA topographical characterization

4.3.1 Method

After the PRA definition, the second step of the procedure is to perform a
detailed topographical characterization of the automatically defined potential
release areas. The aim is to find the most representative topographical para-
meters, in order to characterize each PRA and try to link these characteristics
to different avalanche activities (Chapter 5). The characterization procedure is
applied inside each size class (defined as in Table 4.1).
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During the first step of the definition of PRAs, some expansion procedures
were applied in order to assign the maximum extent of a potential release area.
However, for the topographic characterization of the PRA, only the core of the
PRAs is considered. It is better to consider only the most representative area of
the PRAs and to neglect their boundaries because they may differ significantly
from the core area and therefore can influence some of the characterizing pa-
rameters. For example, the expansion of a concave self-contained PRA into an
expansion area which has values of plan curvature around of 0 would lead to a
characteristic value of the plan curvature for that PRA that is not representative
of its core.

Figure 4.14: Ellipses related to the core area of the PRA in which the cha-
racterization is performed. Topographic base map reproduced by permission
of swisstopo (BA046644).

The idea was to represent the core of each PRA with an ellipse fitted to
its boundaries. The center of each PRA was identified and the geometrical
parameters related to the ellipses that best fit the PRAs were determined. With
this information, an AML program was written to build the ellipses for every
PRA. In Figure 4.14, the ellipses in the area of Jakobshorn are shown. The
intersection between each PRA and the related ellipse gives the area in which
the topographical characterization is performed. Another justification for using
ellipses is that they give further useful information, e.g. the main orientation
of the PRA (see later in this section), for the characterization procedure.

The following terrain parameters are considered to represent the characte-
ristics of every PRA:

1. Mean slope angle (in degrees)
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2. Standard deviation of slope angle (in degrees)

3. Maximum slope (in degrees)

4. Mean aspect (in degrees clockwise from North)

5. Distance to the next ridge (in meters)

6. Shape

7. Plan curvature (in 1/100m)

8. Profile curvature (in 1/100m)

9. Maximum profile curvature (in 1/100m)

In Section 2.2 and 4.2.1, many reasons for considering slope angle as an
important parameter with respect to avalanche release have already been given.
However, in the characterizing procedure, not only the mean slope angle, but
also the variation of the slope angle within a PRA and the maximum slope
angle are considered. These are also important parameters to characterize a
potential release area because they give information about the distribution of
the value of the slope angle and therefore the homogeneity of the PRA in this
respect. Mean slope angle, Standard deviation of slope angle and Maximum
slope angle are calculated in GRID from the raster of the slope angle of the
evaluation area.

Mean aspect is derived from the grid of the aspect of the evaluation area.
Because of the circular nature of this variable, the initial grid of aspect was
transformed in order that a 0◦ aspect is considered equal to a 360◦ aspect.

The feature Distance to the next ridge is important because of the influ-
ence of snow drift, which is much more relevant for areas close to ridges (see
Section 2.2 and 4.2.1). Distance to the next ridge is calculated computing the
euclidean distance between the ridges and each cell belonging to the PRA and
taking the minimum value.

The feature Shape gives an indication of the orientation and of the shape of
a PRA; it defines the PRA’s length/width ratio and how the PRA is oriented in
respect to the mean aspect (the length of the PRA is defined along the direction
of the mean aspect and the width along the perpendicular direction to the mean
aspect). Shape is calculated using the ratio between the major and the minor
axis of the ellipse in combination to the mean aspect of the PRA; three classes
are distinguished (Fig. 4.15):

• Class 1: the ratio between the major and the minor axis is greater than
1.5 and the orientation of the major axis is equal to an angle that does
not differ more than 45◦ from the mean aspect (the PRA is longer than
it is wide).

• Class 2: the ratio between the major and the minor axis is less than 1.5.
The orientation with respect to the mean aspect has no importance.
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• Class 3: the ratio between the major and the minor axis is greater than
1.5 and the orientation of the major axis is equal to an angle that differs
more than 45◦ from the mean aspect (the PRA is wider than it is long).

Figure 4.15: The three different classes for the parameter Shape, related to
the ratio between the major and minor axis and to the orientation of the
ellipse with respect to the mean aspect of the PRA. Topographic base map
reproduced by permission of swisstopo (BA046644).

Plan curvature and profile curvature are important to describe the shape of
the terrain of the potential release areas (Section 4.2.1). They can be calculated
in different ways (see Section 2.5). In this study, they are calculated using the
GRID function curvature combined with the information related to the ellipses.
The idea is to find the right resolution of the lattice to be used to compute the
plan and profile curvature for each PRA depending on the size of the PRA itself.
The size of every PRA is related to the length of the axis of the corresponding
ellipse. To explain better the procedure, a single PRA is taken as an example
(Fig. 4.16). First, the relation between the mean aspect and the orientation
of the corresponding ellipse is considered – the orientation is defined as an
angle between the x axis and the major axis of the ellipse. The values of the
orientation increase counterclockwise starting from 0◦ in the East (horizontal, to
the right) and going through 90◦ when the major axis is vertical (mathematical
definition of direction angles, ESRI [2001]). For the example in Figure 4.16, the
mean aspect is equal to 351◦ and the orientation of the ellipse is equal to 168◦.
The orientation has first to be transformed to azimuth values, in order to be
able to compare it to the mean aspect, which is calculated from the North and
increasing clockwise. The value of the orientation in the mean aspect reference
system is equal to 282◦. The difference between the orientation and the mean
aspect is 69◦. Therefore, in this case, the major axis is considered as the width
of the PRA (equal to 245 m) and the minor axis is considered as the length of
the PRA (128 m). The next step is the choice of the resolution of the lattice in
relation to the width and the length of the PRA to compute the plan and the
profile curvature, respectively. Since plan and profile curvature are calculated
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on a 3x3 window in ArcInfo GRID (see Section 2.5), the choice of the correct
lattice resolution is important in order to have 3 cells inside the ellipse. In the
example, a lattice with a resolution of 100 m is chosen to compute the plan
curvature and a lattice with a resolution of 50 m is chosen to compute the
profile curvature (see Fig. 4.16b). All the different possibilities are taken into
account and implemented in an AML program which operates internally on all
the PRAs.

The Maximum profile curvature is a very local characteristic, which says if
there is a point where the slope angle is changing considerably. There exists
more stress in the snowpack in the proximity of abrupt changes in the slope. For
example, Föhn et al. [2002] state that a change from 28◦ to 40◦ (positive value
of the profile curvature) produces local tension in the snow cover, resulting in a
likely triggering point for avalanches. Maximum profile curvature is calculated
as follows. The mean aspect of each PRA is used to build a gridded line that
starts from the center of the related ellipse and ends at the boundary of the
ellipse (or at the boundary of the PRA, if this is reached earlier), following the
direction given by the mean aspect (red line in Fig 4.16a). Along this line, the
profile curvature is computed using a DEM with a resolution of 10 m. This
is done for all the PRAs and the result is a grid composed of 294 lines, one
for each PRA. On this grid, the maximum profile curvature for every PRA is
calculated.
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Figure 4.16: Example of a PRA with the related ellipse: (a) the red thick line
crossing the center of the PRA is the gridded line on which the maximum pro-
file curvature is computed (Topographic base map reproduced by permission
of swisstopo (BA046644)); (b) the blue and green points are the center of the
cells used for the computation of the plan and profile curvature, respectively.

4.3.2 Results and Discussion

After the characterization procedure, a database with all the potential release
areas defined for the region of Davos and their topographical characteristics
(as described in Section 4.3.1) is available. The results are stored in a table of



CHAPTER 4. POTENTIAL AVALANCHE RELEASE AREAS 51

294 rows and 9 columns for the topographical parameters. An extract from the
database is shown in Table 4.4.

pranumber Maspect Mslope Std-slope Maxslope Dist-ridge plc-curv prf-curv Maxprf shape
20255 104 37 5.223 49 57 -0.157 -0.153 4.747 3
21094 88 36 3.415 45 184 -0.674 0.305 1.875 3
20110 59 36 2.698 42 0 -0.125 0.116 1.025 3
22979 29 40 3.056 46 20 -0.180 0.221 1.214 2
7961 26 38 2.432 42 0 0.276 -0.347 1.521 3
20905 74 40 5.305 53 25 -0.012 0.624 2.67 3
20270 123 35 3.185 41 5 -0.437 0.934 2.822 3
20516 213 40 3.58 47 0 -0.221 0.687 1.754 3
21623 152 36 3.03 41 993 -0.709 -1.533 1.427 3
21415 38 44 11.281 59 0 -0.101 4.273 7.789 3

Table 4.4: Extract of the final table with the values of topographical para-
meters used to characterize the PRA. Mean and maximum slope angle are in
degrees, mean aspect is in degrees starting from the 0◦ of the North and going
clockwise, distance to ridges is in meters; the others are unitless.

The stratification of the database according to PRA size was adopted since
size is important in defining avalanche size and therefore hazard. The characte-
rization according to topographical parameters is performed separately inside
each size class.

Related to the resolution of the lattice is the fact that the values of some
topographical parameters such as mean and maximum slope angle or mean
aspect may vary if a different cell size is used in the characterization procedure.
Simple sensitivity analysis was performed to see what differences resulted if
a lattice with a cell size of 50 m was used to compute the above mentioned
parameters. In Table 4.5, the summary of this analysis shows that the mean
value of the difference is 5◦ for the mean aspect, 3◦ for the mean slope and
8◦ for the maximum slope, values which are unlikely to produce a significant
difference in the characterization of the PRA with respect to the statistical
analysis of the topography and avalanche activity (Chapter 5).

Table 4.5: Summary statistics for the distributions of the difference between
the mean aspect, the mean slope and the maximum slope calculated with
lattices with cell size of 10 and 50 m, respectively.

Statistical
attribute Mean aspect Mean slope Max slope

Min: 0.00 0.00 0.00
1st Qu.: 1.00 1.00 5.00

Mean: 4.99 2.77 7.92
Median: 2.00 2.00 7.00
3rd Qu.: 4.00 4.00 10.00

Max: 97.00 14.00 30.00
Std Dev.: 12.64 2.35 3.93

In this study, nine topographical parameters are used for the characteriza-
tion of the PRA. The basic idea was to start considering several topographical
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parameters to characterize potential avalanche release terrain in order to ana-
lyze the possible relation between them and the associated avalanche activity
(Chapter 5).

4.4 Analysis of the past avalanche activity

4.4.1 Method

The last step of the procedure is the analysis of past avalanche data and the
derivation of the release area distributions for each defined PRA.

The size of the release area of each recorded avalanche is compared to the
total extent of the corresponding PRA. For each avalanche event, the percentage
of the PRA that avalanched during this event is stored and used to derive, for
each PRA, the release area-frequency distribution over 10 classes of percentage
of the total PRA (class1: 0-10%, class2: 10-20%,..., class10: 90-100%).
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Figure 4.17: Example of a PRA with past avalanche events (red lines) (a)
and the related release area distribution (b). Topographic base map used
with permission of swisstopo (BA046644).

As in the previous two steps of the procedure, this step is also implemented
in ArcInfo GRID. An AML program was written to consider separately each
PRA and the related avalanches. Each PRA is selected iteratively and only the
avalanches which intersect it are considered. Then, iterating on polygons re-
presenting avalanches, each avalanche in turn is taken into account to calculate
the intersection between the polygon representing the PRA and the polygon
representing the current avalanche. Prior to this step, a selection was made to
exclude those avalanches which only pass through the PRA, but start above it.
The extension of the intersection area is stored in a table, which, at the end
of the loop on the PRAs, contains 294 rows as the number of the PRAs and
12 columns – ten for the 10 classes of percentage of the total PRA, one for the
total area of the PRA and one for the ID number of the PRA (Fig. 4.18).

As discussed in Chapter 3, some avalanches are stored only as lines in the
database. Therefore, before intersecting them with the related PRA, a buffering
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procedure is necessary. The line representing the avalanche is buffered to create
a polygon which has a width either equal to the value recorded in the database
by the observer or equal to 20% of the length of the line.

4.4.2 Results and Discussion

A database with the release area distribution of every defined PRA in the study
area of Davos was created. An extract of the final table with these results is
shown in Figure 4.18.

Analyzing the resulting release area distributions, it seems that many of
them are skewed to the left (see Fig. 4.18). This means that it was common that
small percentages of a PRA released. It is not surprising that the most frequent
avalanches were small. Big catastrophic avalanches have a much longer return
period, probably longer than the 50 years covered by the database. There are
also PRAs with avalanche activity characterized by a homogeneous distribution
of the release area over all the percentages of the total potential release area.
In most of these cases, the PRAs are of small area and belong to size class 1 or
2 (see Table 4.1).

PRAnumber PRAarea Pra_10 Pra_20 Pra_30 Pra_40 Pra_50 Pra_60 Pra_70 Pra_80 Pra_90 Pra_100
20255 17200 10 8 4 2 0 2 0 1 1 0
21094 12200 7 4 5 3 0 2 4 0 1 0
20110 27700 12 8 1 0 0 0 0 0 0 0
22979 22400 2 8 3 3 2 0 3 0 0 1
7961 21000 11 5 4 3 0 3 1 3 0 0
20905 18300 8 12 5 2 1 1 0 1 0 0
20270 17100 17 7 2 1 1 1 0 1 0 1
20516 25300 23 6 5 1 2 0 0 0 0 0
21623 11800 32 1 8 0 0 0 0 0 0 0
21415 23700 20 16 7 5 2 3 1 0 0 0

Avalanche activity
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Figure 4.18: Extract of the final table with the release area distribution for
the PRAs and the related graphs.



Chapter 5

Topography and avalanche
activity

5.1 Introduction

In Chapter 4, 294 potential release areas (PRAs) were calculated and stored
in a database, characterized, on one side, by topographical parameters and, on
the other side, by the related historical avalanche activity. This chapter investi-
gates the basic question ”Is there a statistical relationship between topographical
features and avalanche activity?”.

Different methods to find this link were examined and are presented in this
chapter. Before going into the details of the procedure, it is important to recall
the definition of avalanche activity used in this study and to compare it to other
definitions of avalanche activity that can be found in literature.

Here, as determined in Section 4.4, avalanche activity is defined on the ba-
sis of frequency and extent of the release area of past avalanche events with
respect to the total potential release area. In the literature, the most common
definition of avalanche activity is related only to frequency of avalanches and
the terms avalanche activity and avalanche frequency are often used synony-
mously. Figure 3.3 in Chapter 3 is an example of how avalanche activity is
often addressed: with the help of a GIS, each pixel (grid cell of the DEM) is
characterized by the number of avalanches crossing it. This is the most com-
mon approach, because what is important for avalanche hazard assessment are
information on the frequency and the impact pressure in the runout zones, es-
pecially if they are close to settlements or traffic routes. An area reached by
avalanches with a high frequency is assigned to the high level of hazard in the
avalanche hazard map, with the appropriate consequences on land use planning
(see Section 2.4).

Besides avalanche frequency, other variables have been used by different
authors for the definition of avalanche activity. Davis & Elder [1995] defined
avalanche activity by the total number of avalanche releases on a given day,
the sum of the sizes of avalanches and the maximum size. The authors stated:
”Our premise for specifying these avalanche activity characteristics was that
the number of releases may provide an indication of how widespread the aval-

54
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anche hazard (i.e. spatial dispersion), the sum of sizes may indicate the overall
intensity of the activity, and that the maximum size may provide an index of
local intensity of hazard.”. In Schweizer et al. [1998], the avalanche activity
index is introduced to represent daily avalanche activity as the mass of released
avalanche snow; it is the sum of all observed avalanches and includes weights
accounting for the nature of triggering and for the size of avalanche (following
the Canadian classification USDA [1961]). Stoffel et al. [1998] proposed a clas-
sification of avalanche activity per day based on frequency of occurrence and
area covered by avalanches on that day. They analyzed the relation between
the portion of terrain covered by avalanches and the avalanche occurrence and
found that it can be described by an exponential function with negative ex-
ponent. This behaviour seems to be typical of natural hazard in general. In
the present study, the distributions resulting from the analysis of historical
avalanches within the automatically defined potential release areas are often
skewed to the left (see Fig. 4.18), that is in the past, the most frequent aval-
anche events released only from small areas. This is a characteristic which can
be seen to be similar to what Stoffel et al. [1998] described. However, the basic
concept is different, because there the avalanche activity is related to the fre-
quency and extent of the total avalanche, whereas here it is related only to the
frequency and extent of the release area.

Many studies have been conducted to analyze the influence of terrain, snow
and meteorological variables on avalanche activity (see Schweizer et al. [2003] for
a good literature review). The main issue of avalanche forecasting methodolo-
gies is to be able to predict avalanche activity on the basis of relevant variables
that can be measured efficiently and reliably. Table 5.1 gives an extract of
research made on this topic; it is useful to illustrate the different avalanche
parameters that have been used for the definition of avalanche activity.

Table 5.1: Extract of studies about avalanche forecasting methodologies, with
the avalanche parameters used there to define avalanche activity. Modified
from Davis & Elder [1995]; references as in that work.

Study Avalanche parameters

Bovis (1977) avalanche day (local)
magnitude
total number
(wet/dry avalanches)

Föhn (1977) avalanche day (local/regional)
Obled and Good (1980) avalanche day (local/regional)
Judson and Erickson (1983) total number (local/regional)
Buser (1983, 1987, 1989) avalanche day (local)
Jaccard (1990) total number (local)
Davis et al. (1992) avalanche day (local)
McClung and Tweedy (1993) sum of sizes (local)

Note that there is an important difference between this work and the afore-
mentioned studies. There, the main purpose was to predict daily avalanche
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activity distributed over a large region (an example are avalanche bulletins to
predict the avalanche hazard level for the next day). Here, the purpose is to
estimate the avalanche activity on single avalanche paths with respect to the
avalanche hazard over the long term (an example of this long-term forecasting
are the avalanche hazard maps - see Section 2.4). Related to this consideration
is also the fact that the present work concentrates on topographical features,
which are constant in time, being aware that avalanche formation is a combi-
nation of terrain, snow and meteorological conditions.

Much effort has been made to analyze avalanche paths or avalanche star-
ting zones in respect to terrain characteristics. In Chapter 4, the importance of
some topographical parameters, e.g. slope, aspect and curvature, in the evalu-
ation of potential avalanche release areas was discussed. In this chapter, these
and others topographical features are analyzed regarding their relation to the
avalanche activity.

McClung & Schaerer [1993] found that the main contributing factors to
avalanche frequency, when analyzing the total avalanche extent, include slope
angle, shape and roughness of the track, vegetative cover, exposure to wind and
sun, as well as size and slope angle of the starting zone. They found that the
average slope angle of the track is the most important influencing factor: in
the case of large avalanches, an increase of the average inclination of the path
leads to an increase of avalanche frequency. Judson & King [1984] analyzed 99
avalanche paths crossing roads in Colorado and Utah, U.S.A., and found that
the frequency of the avalanches crossing the road was strongly correlated to the
average inclination of the avalanche paths and to the inclination of the paths in
the final 100 meters to the roads. Though this study focused on the avalanche
frequency in the runout zone and not in the release area, it indicated that slope
angle is an important terrain parameter. Gleason [1995] found that altitude
and aspect with respect to the dominant wind direction are the most significant
terrain parameters that influence the frequency of natural avalanches. Together
with the geometry and slope angle of the starting zone, they are able to explain
62% of the variance correlating the terrain parameters to avalanche frequency.
In the study of Schaerer [1977], it was shown that roughness, wind exposure,
slope angle of the fracture-point and of the track are significantly correlated
with avalanche frequency. In the case of natural avalanches, Smith & McClung
[1997] analyzed the events recorded over 24 years on 43 avalanche paths in
the area of Rogers’ Pass, British Columbia, and built up a regression model
to predict avalanche frequency on the basis of terrain and other parameters.
Their regression model includes roughness, 30 year maximum water equivalent,
path length and elevation of the starting zone, which turned out to be the most
significantly correlated parameters to avalanche frequency.

Research about which factor have most influence on avalanche activity and
about the quantitative relation between them is still ongoing. In conclusion
of this literature review, the following citation of Gleason [1995] is well worth
quoting

”The overall conclusion one may draw from literature regarding the
importance of factors that affect avalanche occurrence is that there is
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no general consensus as to which parameters are most influential for
indicating the probability of avalanche release, identifying potential
avalanche slopes or quantifying predicted avalanche frequency. Most
of sources indicate a need for further research.”

In this chapter, the following topographical characteristics of avalanche re-
lease areas are considered: mean slope angle, standard deviation of slope angle,
maximum slope angle, mean aspect, distance to the next ridge, shape, plan
curvature, profile curvature and maximum profile curvature.

In order to relate the topographical parameters to avalanche activity, dif-
ferent statistical approaches were used: linear regression models, Classification
and Regression Tree models (CART) and cluster analysis. Note that, in the
course of the work, the number of topographical parameters used in the analysis
was changed to improve the description of the PRAs. Therefore, some statistical
methods involved less than 9 parameters, for example the linear regression.

The statistical analysis was carried out within each size class separately.
Table 5.2 recalls the definition of the size classes, already given in Table 4.1,
and gives the number of PRAs and the total number of avalanches within each
size class for the considered evaluation area (defined as in Section 3.3).

Table 5.2: Area, number of PRAs and total number of avalanches within each
size class.

Size Area Number Number of
class (m2) of PRAs avalanches

1: 5000 - 10000 81 238
2: 10000 - 30000 130 1009
3: 30000 - 50000 55 577
4: 50000 - 100000 22 331
5: > 100000 6 174

5.2 Methods

In this section the three different statistical approaches to analyze the relation
between avalanche activity and topography are explained. All analyses were
carried out for every size class, but note that here only size class 3 is taken as
example to explain the procedure and the results in detail.

Before applying any methods, the relation between the topographical pa-
rameters (the independent variables in the following statistical analysis) was
explored. The scatterplot matrix in Figure 5.1 shows the relation between
every possible combination of the nine topographical parameters for size class
3.

Two examples are taken from the scatterplot matrix to explain better what
is a ’relation’ between variables. An example of no relation is given by the
scatterplot for distance to ridge and plan curvature (Fig. 5.2a): no pattern can
be found, all the values are spread out randomly, i.e. for a value of distance to
ridge of 50 m, any value of plan curvature is possible. Instead, the scatterplot
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Figure 5.1: Scatterplot matrix for nine topographical parameters for size class
3.
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Figure 5.2: Scatterplots for distance to ridge and plan curvature (a), and for
mean slope and maximum slope (b) in size class 3. Extract of Fig. 5.1.
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for mean slope and maximum slope (Fig. 5.2b) is an example of a relationship
between variables: a linear pattern can be found, i.e. the higher the mean slope,
the higher the maximum slope.

In general, there is no clearly recognizable pattern in most of the scatter-
plots, which means no clear relation between the variables, with the exception
of values derived from slope, where as expected a correlation is evident.

5.2.1 Linear regression

The first approach used to relate avalanche activity and topographical parame-
ters was linear regression. In general, it is the first statistical method that is
commonly used to find relations between variables, because it is simple to un-
derstand and to apply and it gives clear results [Wonnacott & Wonnacott, 1972].
Linear regression methods assume a linear relation between the dependent vari-
able and the independent variables. Here a linear regression model based on
topographical parameters (independent variables) to predict avalanche activity
(dependent variables), was defined. The null hypothesis is that there is no
statistically significant association between these variables.

In this study, avalanche activity is represented by a vector of 10 elements
as:

y = (y10, y20, y30, y40, y50, y60, y70, y80, y90, y100) (5.1)

where yi represents the number of avalanches that released with an area of i%
of the total extent of the PRA (Pra i in Fig. 4.18).

The independent variables are the seven topographical parameters repre-
sented by xj {j = 1, ..., 7}: mean, maximum and standard deviation of slope
angle, distance to ridge, plan, profile and maximum profile curvature.

The assumption was that the elements yi are independent. This assumption
was confirmed by the scatterplots created for the five size classes (in Figure 5.3,
the scatterplot for size class 3 is given as an example). The scatterplots also
show that the data are skewed to the left, therefore a logarithmic transformation
was applied. The new independent variables are ỹi = log(yi + 1). Ten linear
regression equations were used:

ỹi = ai,1x1 + ai,2x2 + ...+ ai,7x7 + c+ ǫi (5.2)

where i stands for 10, 20,..., 100, ai,j and ǫi stand for the regression coefficients
and for the error for the ith equation, respectively, and c is a constant.

The linear regression model was applied separately inside each size class,
defined as in Table 5.2. The resulting coefficients ai,j were used to build the
linear regression equations and predict the values of ỹi. Figure 5.4 shows the
predicted versus the observed values for ỹ10, ỹ20, ỹ40 and ỹ90 for the case of size
class 3. In case of perfect prediction the points would lie on a line with slope
equal 1 (predicted = observed).

The fact that linear regression models did not perform well can also be seen
from the values of R-square (R2) and ’Significance F’ given in Table 5.3. R2 is
an indicator of how well the model fits the data. The smaller the variability of
the residual values around the regression line relative to the overall variability,
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Figure 5.3: Scatterplot matrix for the ten elements of the vector representing
avalanche activity for size class 3.

R2 Significance F
size1 size2 size3 size4 size1 size2 size3 size4

y10 0.22 0.18 0.32 0.55
y20 0.10 0.22 0.27 0.32
y30 0.15 0.11 0.18 0.36
y40 0.07 0.13 0.15 0.22
y50 0.12 0.09 0.29 0.29
y60 0.05 0.24 0.18 0.18
y70 0.17 0.09 0.21 0.47
y80 0.03 0.07 0.35 all 0
y90 0.07 0.09 0.11 all 0
y100 0.12 0.10 0.19 0.21

0.008 ** 9.10-4 ** 0.009 * 0.071
0.368 4.10-5 ** 0.031 * 0.501
0.100 0.033 * 0.180 0.386
0.552 0.014 * 0.336 0.763
0.212 0.104 0.016 * 0.593
0.802 1.10-5 ** 0.203 0.868
0.051 0.099 0.121 0.174
0.950 0.239 0.004 ** all 0
0.618 0.091 0.546 all 0
0.215 0.057 0.151 0.803

Table 5.3: Linear regression models applied inside each size class: R-square
R2 and ’Significance F’. ”All 0” means that all the data for the corresponding
yi are missing (i.e. null). Size class 5 contains not enough data to perform
statistics. With * and ** are highlighted the values of p ≤ 0.05 and p ≤ 0.01,
respectively, which mean significant correlations.
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Figure 5.4: Predicted versus observed avalanche activity for size class 3.

the better is our prediction. R2 is a measure of this variability and assumes
values between 0 and 1, being 1 in the case when the model fits perfectly the
data. ’Significance F’ is the associated P-value for the F test, which determines
whether the association between the variables is statistically significant. Its
value depends on the results of the regression analysis and the chosen confidence
level. For a confidence level of 95%, if ’Significance F’ is smaller than 0.05, then
the null hypothesis is rejected (there is a statistically significant association
between the variables). Conversely, if ’Significance F’ is greater than 0.05, then
the null hypothesis is accepted (there is no statistically significant association
between the variables).

To be able to confirm a statistically significant relation between avalanche
activity and the considered topographic parameters, it is necessary that the
values of ’Significant F’ are smaller than 0.05 for all the yi inside the same size
class. However, the values of ’Significance F’ are not always smaller than 0.05.
Indeed, except for a few exceptions, they are greater than the threshold value
of 0.05.

The small value of R2 means that, under the assumption that the linear
regression model is correct, there is no strong relation between the independent
and the dependent variables. A reason for the small values of R2 might be that
the assumption of linearity is not correct, one of the basic assumptions for the
use of linear regression. In this case, it would be difficult to get high values
of R2. Scatterplots to visualize the relation between avalanche activity (repre-
sented by the variables yi) and topographical parameters (xj) were derived; the
scatterplots in Figure 5.5 show the distributions of the values of y10 and y40



CHAPTER 5. TOPOGRAPHY AND AVALANCHE ACTIVITY 62

with respect to distance to ridge, mean slope angle and plan curvature for size
class 3. As the scatterplots show, the yi do not have a linear relation with the
considered topographical parameters. The same non-linearity was also found
for the other parameters and within the other size classes.
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Figure 5.5: Scatterplots for y10 and y40 with respect to distance to ridge,
mean slope and plan curvature for size class 3.

The other basic assumption for the use of linear regression is that the resi-
duals (predicted minus observed values) must be distributed normally (i.e.,
follow the normal distribution). This was not the case for the results of the
application of the linear regression model to the database used here.

In conclusion, the linear regression model was not appropriate to predict
avalanche activity on the basis of the considered topographic characteristics.
No statistically significant linear relation was found between the dependent
variables yi describing the avalanche activity and the independent variables xj

representing the topographic features.

5.2.2 Classification and regression tree

A second method used to analyze the relation between topographical parame-
ters and avalanche activity was the Classification And Regression Tree (CART)
[Breiman et al., 1984]. CART builds classification trees to predict the values
of a categorical dependent variable (class, group membership, etc.) from one
or more continuous and/or categorical predictor variables. CART builds also
regression trees to predict the values of a continuous dependent variable from
one or more continuous and/or categorical predictor variables. The CART
methodology is technically known as binary recursive partitioning. The process
is called binary because parent nodes are always split into exactly two child
nodes and recursive because the process can be repeated by treating each child
node as a parent. The process of splitting is based on two basic steps: first,
to look at all possible splits for all variables included in the analysis and, se-
cond, to chose the best splitting rule, on the basis of a quality-of-split criterion
[Venables & Ripley, 1997]. On each node, a variable is selected to divide the
population into two sub-populations at a selected breakpoint of that variable.
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The chosen variable is the one which better performs this division and which
therefore has more importance in differentiating different groups. Therefore,
by analyzing the splitting procedure, information about which variables create
more homogeneous (i.e. better) groups are derivable. Davis & Elder [1995] used
the CART methodology to rank critical variables in terms of their sensitivity to
avalanche activity. In this study, CART is used for the same purpose: to rank
topographical parameters regarding their importance with respect to avalanche
activity, in this case coincident with avalanche frequency and represented by
the number of avalanches that occurred within the PRAs.

|
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plan curv<-0.0221736

std slope<3.7125

mean slope<39.5

prf curv<-0.00787338
max prf curv<2.6635
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Figure 5.6: Regression tree built for y20 in size class 3 starting from the seven
topographic parameters listed in Table 5.4. At each node the splitting rule is
shown and at the end of each branch of the tree the predicted y20 is given.

In this section, the same notation used in Section 5.2.1 is adopted, repre-
senting with yi the number of avalanches that released with an area equal to i%
of the PRA. As in Section 5.2.1, for size classes 1, 2, 3 and 4 and for yi {i = 10,
20, 30, 50, 70, 100} a regression tree was built. The tree was not built for size
class 5 as it contains only six PRAs. The purpose of this CART analysis was
to analyze which parameters were the cause of each splitting and not to predict
the final yi. Figure 5.6 gives an example of the regression tree built for y20 in
size class 3. Table 5.4 is a summary of how many times each topographical
variable was chosen in the CART procedure as splitting variable, in the case of
first, second or following splits in the trees built for the four size classes. As
first splitting variable, profile curvature was chosen for size class 1, mean slope
for size class 2, distance to ridge for size class 3 and standard deviation of slope
for size class 4. In general, standard deviation of slope, plan and profile curva-
ture and distance to ridge are most frequently used as splitting variables. The
results obtained from the CART applied to the data for the region of Davos
suggest that the aforementioned variables have the most important influence
on avalanche activity. Distance to ridge, plan and profile curvature have been
already considered in the literature as important topographical parameters for
avalanche activity, because they are related to the combined effect of wind and
terrain shape on snow accumulation and therefore related to stress in snow (see
Section 4.2.1 and 4.3.1). Standard deviation of slope did not received the same
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Table 5.4: Frequency of the different topographical parameters chosen as
splitting variable, for the first, the second and the following splits in the
regression trees of the four considered size classes.

mean std max plan prf max prf dist
slope slope slope curv curv curv ridge

first: 0 0 0 1 3 1 1
second: 0 2 0 2 1 1 2

following: 1 11 0 6 5 3 4

tot. size1: 1 13 0 9 9 5 7

first: 2 1 1 1 0 0 1
second: 0 2 0 1 3 2 2

following: 4 13 7 8 13 5 10

tot. size2: 6 16 8 10 16 7 13

first: 0 1 0 1 0 0 4
second: 1 0 0 4 2 1 1

following: 2 5 0 3 1 7 3

tot. size3: 3 6 0 8 3 8 7

first: 0 4 0 2 0 0 0
second: 0 0 0 0 1 2 2

following: 0 0 0 0 0 0 0

tot. size4: 0 4 0 2 1 2 2

attention in previous works. It is related to the variation of slope angle within
a potential release area. The fact that standard deviation of slope is shown
to be important in relation to avalanche activity can be explained by the fact
that low values represent homogeneous slopes, whereas high values represent
irregular slopes with possible abrupt changes, e.g. cliffs or other undulations,
which create stress zones in the snow cover.

In conclusion, CART was a valuable tool to explore the importance of to-
pographical parameters in relation to avalanche activity. The most important
topographical parameters were shown to be: distance to ridge, standard de-
viation of slope, plan and profile curvature. However, CART is known to be
unstable with respect to the choice of the input variables [Hastie et al., 2001],
therefore the results of this analysis must be considered with care. Nonetheless
the aforementioned topographical parameters should be analyzed further when
studying avalanche activity and topography.

The next step is to group PRAs with clustering procedures in order to
make further considerations about the possible relation between topography
and avalanche activity.

5.2.3 Cluster analysis

A common method for data mining is cluster analysis [Hartigan, 1975; Gordon,
1981; Venables & Ripley, 1997]. Cluster analysis is an exploratory data analysis
tool for solving classification and grouping questions. It sorts objects based on
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the similarity of their attributes into groups or clusters, so that the degree of
association is strong between members of the same cluster and weak between
members of different clusters. Most cluster analysis techniques are hierarchical,
i.e. the resultant classification has an increasing number of nested classes.
There exist also non hierarchical methods, for example k-means clustering. In
this chapter, an agglomerative hierarchical tree is used as clustering method.
Agglomerative clustering works by taking all the data objects as if they were
clusters of one item. Then the closest clusters are joined together to form a
bigger cluster and so on until eventually only one big cluster including all data
objects accumulates. The first step of the procedure consists in merging the two
closest objects. To decide which objects to merge, a measure of their similarity
or difference is needed. There exist several distances that can be used for this
purpose [Torgrip, 2002]. The most common one, Euclidean distance, was used
in this study:

d(x, y) = |x− y| =

[
N∑

i=1

(xi − yi)
2

]1/2

(5.3)

where x and y are vectors composed by i components.
The distance between two individual objects is easy to compute, whereas

computing the distance between a cluster of objects and another one involves
more considerations about the way to carry out this step (linkage method).
There exist different linkage methods: single linkage, complete linkage and av-
erage linkage are the most common ones [Torgrip, 2002]. With single linkage,
the distance between two clusters is considered to be equal to the shortest dis-
tance from any member of one cluster to any member of the other cluster. With
complete linkage, the distance between two clusters is considered to be equal
to the longest distance from any member of one cluster to any member of the
other cluster. With average linkage, the distance between two clusters is con-
sidered to be equal to the average distance from any member of one cluster to
any member of the other cluster. Figure 5.7 helps to visualize the meaning of
the different linkage methods. In this research, the complete linkage method is

Single linkage
The distance between the two clusters 
is computed as the distance between 
the closest data object of each cluster.

Complete linkage
The distance between the two clusters 
is computed as the distance between 
the furthest data object of each cluster.

Average linkage
The distance between the two clusters 
is computed as the average distance 

from any member of one cluster to
any member of the other cluster.

Figure 5.7: Different linkage methods to compute the distance between two
clusters.

used. This method reduces dissimilarity within a cluster because it joins clus-
ters on the basis of the distance between the furthest members and therefore
the other members are sure to be closer, that is they have higher similarity.
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The result of the agglomerative hierarchical clustering (AHC) procedure
can be presented by a dendrogram such as the one in Figure 5.8 [Venables &
Ripley, 1997]. In the lower part of the tree, all the objects are considered as
clusters of one item (each PRA is identified by its identity number) and at the
top of the tree they are all joined together. The vertical axis (Height) denotes
the linkage distance, thus, at each node of the tree, the distance between the
members of the newly created cluster is known. When the data contains a clear
structure in terms of clusters of objects that are similar to each other, then
this structure is often reflected in the hierarchical tree as distinct branches.
To identify individual clusters in a hierarchical tree, it is necessary to decide
where to cut the tree, i.e. which distance to use to stop the agglomerative
procedure. Obviously, the lower the tree is cut, the higher the homogeneity
within a cluster, which contains conversely few objects. The higher the tree is
cut, the more objects are included in a cluster but more dissimilarity is present.
The best compromise has to be chosen; this is important, because different
thresholds lead to different results.

AHC was used as a tool to explore the potential relationship between topo-
graphy and avalanche activity in the different size classes. If, as hypothesized,
topography is a determining factor in avalanche activity, then the cluster of
PRAs defined by topographical parameters should have similar avalanche acti-
vity. Conversely, clusters of PRAs defined by avalanche activity, should also
have similar topographic characteristics. If similarity both in avalanche acti-
vity and topography was found, the conclusion that a certain combination of
topographical parameters leads to a certain type of avalanche activity could be
drawn. In the following sections the two aforementioned analyses are described.

Cluster analysis on topography

Agglomerative hierarchical clustering was applied to the database composed
of 294 PRAs characterized by their topographical parameters. An extract of
the database is given in Table 4.4. The different variables are measured in
different units, e.g. degrees for slope, meters for distance to ridge, 1/100m for
curvature, dimensionless number for shape, and have different range, e.g. very
big for distance to ridge (0 - 1250 m) and much smaller for curvature (-3 -
+4 1/100m). The range of the initial data has a large impact on computing
distance. In order to avoid this problem, the variables are rescaled to the same
range [0, 2].

The distance used to calculate similarity or differences between clusters is
the Euclidean distance for mean slope angle, standard deviation of slope angle,
maximum slope angle, distance to ridge, shape, plan curvature, profile curvature
and maximum profile curvature, whereas for aspect this distance cannot be used
because of the circular nature of this variable. Instead, the distance along a
circle is used as in equation 5.4:

d(asp1, asp2) = ρ ·min{|θ1 − θ2|, |2π − |θ1 − θ2||} (5.4)

where ρ is the radius of the unit circle, therefore equal to 1, and θ1 and θ2 are the
angles representing the aspect of the two members in question. In computing
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Figure 5.8: Agglomerative hierarchical tree on the basis of topographical pa-
rameters for the PRAs in size class 3. Each PRA is labelled by a number
written at the end of each branch. The dashed line shows the distance used
to cut the tree.

this circular distance, a rescaling procedure to the interval [0, 2] is included, in
order to give the aspect the same weight as the other parameters.

To create the agglomerative hierarchical trees, a specific program in C++
was written, where both the Euclidean and the circular distance could be imple-
mented. Then, the dendrogram was drawn using S-Plus procedures [MathSoft,
2000]. The resulting hierarchical trees are shown in Figure 5.8 and 5.9. Size
class 5 contains only six PRAs, which are considered as insufficient to perform
significant statistical analysis. In Figure 5.8 the original output from S-Plus
is given, to show all the information available, including the PRA number at
the end of each branch. An horizontal dashed line is added in the graphs to
represent the threshold distance used to cut the tree. All the four trees were
cut with the goal of obtaining around ten clusters. This number was considered
to be optimal to have, within each cluster, enough, but not too many, PRAs to
perform statistical analysis.

In order to check if the clustering methodology, combined with the chosen
threshold distance, was able to identify homogeneous groups, the topographical
parameters of the PRAs belonging to every cluster were analyzed. As an ex-
ample, Table 5.5 shows the mean value, the standard deviation and the range
(rescaled values) of the nine topographical parameters for the whole size class
3 and for the ten clusters in size class 3. Small values for the range and the
standard deviation indicate homogeneity with respect to the considered topo-
graphical parameter within the considered cluster.
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Figure 5.9: Agglomerative hierarchical tree on the basis of topographical pa-
rameters for the PRAs in size class 1 (a), size class 2 (b), size class 3 (c) and
size class 4 (d). The dashed lines show the distances used to cut the trees.
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The plots in Figure 5.10 help to visualize the distribution of the values of
the nine topographical parameters within each cluster of size class 3 and in the
whole size class 3. The plots for Cluster1, Cluster3 and Cluster6 show clusters
of points (PRAs) around certain values of the topographical parameters, while
the values of the topographical parameters for Cluster4 and Cluster5 are spread
along a wider range. This is confirmed by the values of standard deviation and
range in Table 5.5. The former clusters (Cluster1, Cluster3 and Cluster6) can
be represented by the mean value of the topographical parameters, while for
the latter (Cluster4 and Cluster5) the mean values are not meaningful alone,
because the standard deviation and the range are large.

Mean STD Max Dist Plan Prf Max prf
slope slope slope ridge curv curv curv Shape

mean: 0.78 0.39 0.69 0.00 1.22 0.60 0.45 2.00
std: 0.14 0.13 0.13     0 0.06 0.12 0.11 0.00

range: 0.35 0.34 0.30 0.15 0.30 0.30 0.00
mean: 0.57 0.31 0.48 0.45 1.27 0.52 0.35 2.00

std: 0.18 0.17 0.30 0.37 0.05 0.03 0.33 0.00
range: 0.43 0.39 0.73 0.83 0.12 0.05 0.74 0.00
mean: 0.98 0.68 1.09 0.08 1.19 0.64 0.58 1.75

std: 0.20 0.21 0.25 0.13 0.08 0.05 0.17 0.46
range: 0.52 0.61 0.79 0.31 0.25 0.12 0.49 1.00
mean: 0.89 0.64 1.08 0.07 1.10 0.55 0.42 2.00

std: 0.36 0.27 0.49 0.13 0.13 0.10 0.29 0.00
range: 1.04 0.70 1.27 0.31 0.43 0.28 0.83 0.00
mean: 0.89 0.71 1.08 0.21 1.00 0.59 0.78 0.43

std: 0.27 0.31 0.42 0.33 0.09 0.07 0.44 0.53
range: 0.78 0.96 1.21 0.92 0.23 0.22 1.15 1.00
mean: 1.04 0.55 1.05 0.04 0.91 0.54 0.50 0.00

std: 0.15 0.06 0.09 0.04 0.35 0.02 0.15 0.00
range: 0.26 0.13 0.18 0.08 0.66 0.04 0.27 0.00
mean: 0.76 0.43 0.72 0.61 1.12 0.53 0.49 0.20

std: 0.16 0.15 0.17 0.64 0.17 0.03 0.22 0.42
range: 0.52 0.50 0.48 1.53 0.61 0.10 0.71 1.00
mean: 1.09 0.81 1.33 0.01 1.38 0.55 0.67 0.00

std: 0.31 0.03 0.26 0.01 0.19 0.06 0.16 0.00
range: 0.43 0.05 0.36 0.02 0.28 0.08 0.22 0.00
mean: 0.66 0.42 0.64 0.25 1.30 0.54 0.39 1.00

std: 0.17 0.20 0.39 0.32 0.14 0.04 0.16 0.00
range: 0.43 0.50 0.85 0.78 0.35 0.10 0.39 0.00
mean: 0.65 0.27 0.52 0.06 1.40 0.48 0.31 1.75

std: 0.23 0.15 0.26 0.04 0.05 0.05 0.17 0.50
range: 0.52 0.33 0.55 0.09 0.10 0.08 0.38 1.00
mean: 0.82 0.52 0.87 0.22 1.17 0.56 0.50 1.15

std: 0.25 0.25 0.38 0.38 0.18 0.07 0.27 0.87
range: 1.22 1.15 1.45 1.53 1.04 0.35 1.42 2.00
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Table 5.5: Summary of the topographical parameters for the 10 clusters iden-
tified on the basis of topographic parameters for size class 3 and for the whole
size class; rescaled values to range [0 - 2]. On the left of the table the name of
the cluster and the number of the PRAs belonging to it are given. Cluster8
contains only 2 PRAs and is therefore excluded from the analysis.

Within each cluster identified by the AHC, the avalanche activity of the
PRAs was analyzed. In Figure 5.11 the graphs for the avalanche activity
grouped by clusters, for the case of size class 3, are shown. These graphs
were carefully analyzed in relation to the characterizing topographical parame-
ters (shown in Table 5.5). The first evidence is that within each homogeneous
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Figure 5.10: Scatterplots for the nine topographical parameters within the 10
clusters identified on the basis of topography for size class 3 and for the whole
size class; rescaled values to range [0 - 2]. Cluster8 contains only 2 PRAs and
is therefore excluded from the analysis.
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topographical cluster, different kinds of avalanche activities are present. In the
ideal case, the avalanche activity of all the PRAs belonging to a cluster would
be similar (all the lines of one plot of Figure 5.11 would overline). Although this
is not the case, some typical characteristics are found in each plot. For example,
Cluster1 and Cluster5 contain PRAs with an avalanche activity characterized
by many avalanches, mostly with small release areas (around 10-20% of the to-
tal PRA), but covering also higher percentages of the total PRA. Cluster4 and
Cluster7 show avalanche activities with less avalanches, with a maximum on the
10% of the PRA too, but covering also percentages of PRA until 100%. Clus-
ter6, Cluster9 and Cluster10 join PRAs that released rarely and with release
areas of only up to 50% of the total.
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belonging to the 10 clusters identified by the 
agglomerative hierarchical tree on the basis of 
topographical parameters, for size class 3.
The y axis represents the number of avalanches 
that released with a release area equal to the 
percentage of the total PRA shown on the x axis. 

Figure 5.11: Avalanche activity for the PRAs (size class 3). Cluster8 contains
only 2 PRAs and is therefore excluded from the analysis.
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The aforementioned groups of clusters with similar avalanche activity were
reexamined with respect to their topographic parameters, in order to iden-
tify potential topographic similarities that may have not been detected by the
previously applied AHC method on topography. Further potential similarities
were sought between clusters represented by the mean value of the topographic
parameters, recalling that comparing mean values makes sense only when the
clusters are well defined (small range and standard deviation for the topo-
graphic parameters). This reexamination provided no additional similarities:
for example, the mean values of mean aspect and distance to ridge of Cluster6
are closer to the ones of Cluster1 than to the ones of Cluster9, and the mean
values of mean slope, STD slope and max slope of Cluster9 are closer to the
ones of Cluster1 than to the ones of Cluster6, although Cluster6 and Cluster9
have a similar avalanche activity.

Graphs and Tables like Figures 5.10 and 5.11 and Table 5.5 were prepared
for each size class. In their analysis , as in the case of size class 3, well-defined
clusters in terms of topographical parameters were found. Again, the reex-
amination of the topographical parameters of clusters with similar avalanche
activity was performed. Unfortunately, also in these cases no additional simi-
larities were identified.

The following general comments can be drawn for all the size classes. Ag-
glomerative hierarchical clustering performed well in identifying homogeneous
clusters with respect to topographical parameters. Although in analyzing the
avalanche activity inside each cluster examples of similarity could be found, it
was not possible to find a clear association between a specific combination of
topographical features and a particular type of avalanche activity.

Cluster analysis on avalanche activity

Agglomerative hierarchical clustering was applied to the database composed
of 294 PRAs with the related avalanche activity. An extract of the database
is given in Figure 4.18. In order to apply the clustering procedure, a way to
compute the distance between the avalanche activity of two different PRAs had
to be found. The initial problem was how to characterize avalanche activity,
namely to find variables to describe the distributions representing it.

An appropriate method was found to be the combination of the area and the
shape of the distributions describing avalanche activity. The former represents
the frequency of avalanches, while the latter expresses how the distribution is
skewed. The area of the distribution was represented by the variable numava,
that is the total number of avalanches for a PRA. To describe the shape of
the distribution the equation to compute the skewness of a distribution was
modified as follows:

skew =
n

(n− 1)(n− 2)

[
5∑

i=1

(−yi) − y

s
+

10∑

i=6

(yi) − y

s

]
(5.5)

where n is equal to 10 (number of components of the vector y), yi is the ith

component of the vector, y is the mean value and s is the standard deviation.
Figure 5.12 shows how two distributions are described by numava and skew.
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Figure 5.12: Distributions representing the avalanche activities for two PRAs
and the related values for numava and skew used to describe them.

For each size class, numava and skew were used as variables to which the
AHC was applied in order to find homogeneous clusters in terms of avalanche
activity. The results of the agglomerative hierarchical tree are represented by
dendrograms such as the one in Figure 5.13. Analyzing the plots, clusters were
identified cutting the trees at different distances; in Figure 5.13 the dashed lines
represent where the tree for size class 3 was cut to results in nine clusters.
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Figure 5.13: Agglomerative hierarchical tree on the basis of numava and
skew, for the PRAs in size class 3. Each PRA is labelled by a number written
at the end of each branch. The dashed lines show the distances used to cut
the tree.

The avalanche activities of the PRAs grouped by clusters are represented
in the graphs of Figure 5.14. Table 5.6 gives in the last two columns the total
number of avalanches and the ’skewness’, whose mean value, standard deviation
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and range were computed. These mean values will be used later in a graphical
visualization of the results of the analysis of avalanche activity and topography
(see Fig 5.17). The nine clusters are all characterized by a negative mean
’skewness’, that means more avalanches with a small release area, as it can also
be seen from the graphs in Figure 5.14; only Cluster3 has skew and numava

equal zero, because it contains PRAs with no avalanches.
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Figure 5.14: Avalanche activity of the PRAs within each of the nine clusters
identified by AHC on the basis of numava and skew, for size class 3.

Within each cluster identified by the AHC, the topographical parameters
of the PRAs were analyzed. Table 5.6 shows the mean value, the standard
deviation and the range (rescaled values) of the nine topographical parameters
for the whole size class 3 and for the nine clusters in size class 3. As discussed
in the previous section regarding Table 5.5, small values for the range and
the standard deviation indicate homogeneity with respect to the considered
topographical parameter within the cluster in question. This is not the case:
apart from some exceptions, e.g. Cluster7, these values are large - examples
over all are Cluster2 and Cluster4. The plots in Figure 5.15 help to visualize
the distribution of the values of the nine topographical parameters within each
cluster in size class 3 and in the whole size class 3. The points in the plots are
spread along a wide range of the possible values and not concentrated in clusters.
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From Table 5.6 and Figure 5.15 it is evident that there is no homogeneity in
terms of topographical parameters within each cluster.

Mean STD Max Dist Plan Prf Max prf
slope slope slope ridge curv curv curv Shape numava skew

mean: 0.71 0.40 0.75 0.02 1.18 0.58 0.42 1.71 8 -1.50
std: 0.28 0.23 0.49 0.03 0.13 0.07 0.22 0.76 1.4 0.97

range: 0.78 0.75 1.45 0.07 0.43 0.21 0.68 2.00 4 2.52
mean: 0.80 0.43 0.82 0.24 1.26 0.55 0.50 1.00 2 -2.62

std: 0.24 0.24 0.42 0.38 0.15 0.07 0.21 0.87 0.9 0.66
range: 0.78 0.78 1.27 1.19 0.39 0.26 0.61 2.00 2 1.38
mean: 0.67 0.34 0.48 0.80 1.23 0.50 0.36 1.00 0 0

std: 0.27 0.16 0.32 0.62 0.08 0.03 0.18 0.00 # #
range: 0.52 0.30 0.61 1.25 0.15 0.05 0.34 0.00 # #
mean: 0.94 0.51 0.96 0.34 1.03 0.53 0.52 0.71 3 -0.08

std: 0.35 0.21 0.37 0.56 0.28 0.03 0.42 0.95 0.5 0.20
range: 0.96 0.68 1.09 1.53 0.83 0.09 1.17 2.00 1 0.62
mean: 0.77 0.51 0.80 0.41 1.17 0.55 0.58 1.33 5 -1.73

std: 0.20 0.24 0.30 0.36 0.19 0.07 0.18 0.87 0.8 0.47
range: 0.61 0.74 0.85 1.13 0.62 0.21 0.57 2.00 2 1.48
mean: 0.85 0.59 0.93 0.05 1.18 0.60 0.44 1.38 13 -1.76

std: 0.23 0.19 0.35 0.10 0.16 0.06 0.20 0.92 1.1 0.93
range: 0.78 0.57 1.21 0.28 0.50 0.17 0.54 2.00 3 2.48
mean: 1.01 0.69 1.13 0.00 1.16 0.56 0.44 1.67 18 -1.39

std: 0.13 0.24 0.31 0.00 0.07 0.13 0.13 0.58 0.6 1.21
range: 0.26 0.42 0.61 0.00 0.15 0.25 0.25 1.00 1 2.22
mean: 0.67 0.59 0.77 0.24 1.05 0.55 0.60 0.25 22 -0.96

std: 0.19 0.09 0.23 0.46 0.14 0.03 0.56 0.50 1.0 1.31
range: 0.43 0.19 0.55 0.92 0.33 0.08 1.22 1.00 2 2.76
mean: 1.01 0.74 1.12 0.00 1.22 0.60 0.60 1.00 39 -2.25

std: 0.20 0.41 0.39 0.01 0.21 0.13 0.31 1.00 4.1 0.62
range: 0.43 1.05 0.91 0.02 0.56 0.26 0.78 2.00 11 1.72
mean: 0.82 0.52 0.87 0.22 1.17 0.56 0.50 1.15 10 -1.52

std: 0.25 0.25 0.38 0.38 0.18 0.07 0.27 0.87 11.0 1.09
range: 1.22 1.15 1.45 1.53 1.04 0.35 1.42 2.00 45 3.29
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Table 5.6: Summary of the topographical parameters for the nine clusters
identified on the basis of numava and skew for size class 3 and for the whole
size class; rescaled values to range [0 - 2]. The last two columns are the number
of avalanches and the ’skewness’ for the clusters. On the left of the table the
name of the cluster and the number of the associated PRAs are given.

mean mean std max dist plan prf
Class aspect (°) slope (°) slope (°) slope (°) ridge (m) curv curv curv shape

1 315-135 >= 40 <= 2  > 50 <= 50 <= -0.2 >= 0.2 >= 4 1
2 226-314 35-39 40-50 50-400 -0.2-0.2 2
3 136-225 <= 35 > 4  < 40 > 400 >= 0.2 <= -0.2 <= 2 3

2-4 2-4

prfmax

-0.2-0.2

Table 5.7: Classification table for the topographical parameters. The three
classes are represented by shades of grey as in Figure 5.17: black for 1, dark
grey for 2 and light grey for 3.

To better visualize the results of the AHC analysis on the basis of numava
and skew, plots like the one in Figure 5.17 for every size class were drawn.
The x and y axis represent the variable skew and numava, respectively. Each
PRA is represented by a pie where each sector represents one of the nine to-
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Figure 5.15: Scatterplots for the nine topographical parameters within the
nine clusters identified on the basis of numava and skew for size class 3 and
for the whole size class; rescaled values to range [0 - 2].
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Figure 5.16: Sectors representing the topographical parameters of a PRA in
the pie charts used in Figure 5.17.
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Figure 5.17: Position of the clusters of PRAs on a 2d space defined by numava
and skew. See the text for explanations.

pographical parameters characterizing the PRA (see Fig. 5.16). The shade of
grey of each sector is defined according to the classification shown in Table 5.7.
This classification considers three classes which indicates the possible influence
of the considered parameters on avalanche activity. The classes are defined
according to the literature for parameters such as distance to ridge, slope an-
gle and curvature [Munter, 1997; Gleason, 1995; McClung, 2001] and based on
expert considerations (U. Gruber, personal communication) for cases where no
literature was present about the topic. Class 1 (dark) is the most dangerous
class, Class 3 (light gray) the least dangerous and Class 2 (dark grey) in be-
tween. For example, a distance to ridge of a few meters is more dangerous
than a distance to ridge of hundreds of meters, therefore Class 1 is defined for
distances of less than 50 m and Class 3 for distances of more than 400 m. The
aim was to verify if this ’expert scheme’ was correct and to ascertain whether
similar pies belong to the same cluster in Figure 5.17. What is expected is that
pies dominated by dark sectors are placed in the top-right corner of the plot
(high number of avalanches distributed over all the percentages of PRA), while
pies dominated by light gray are placed in the bottom-left corner of the plot
(low number of avalanches with small release areas). The analysis of the plot
does not fully support the ’expert scheme’, since black sectors do not dominate
the upper part of the plot. But, there are good examples supporting it: pies
a and b, characterized by at least five dark sectors, that belong both to the
Cluster9 placed in the upper part of the plot, or pies c and d, characterized by
no dark sectors and mostly light grey sectors that belong to Cluster3 placed in
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the lower part of the plot. On the other hand, pies e and f should be placed
higher in the plot, as they have many dark sectors, or pie g is placed too high
for having only one dark sectors. There are also cases of little difference in the
topographical parameters, e.g. pie h and i, but large difference in the avalanche
activity. Good examples could be found to support the ’expert scheme’, but no
general rules could be derived.

In conclusion, no homogeneity in terms of topographical parameters could
be found within the clusters identified on the basis of variables describing aval-
anche activity.

5.3 Discussion

The initial assumption for this part of the work was that a relationship between
avalanche activity and topography exists. Unfortunately, the results presented
in this chapter did not support this assumption. There are several possible
reasons for this result. The principal reason might be that the quality of the
data is not good enough to arrive to a precise conclusion on the existence or
otherwise of a relationship between topography and avalanche activity. An-
other possibility might be that other variables can be adopted to describe the
avalanche activity (as it is determined in this work) and perform statistical
analysis; or even a different definition of avalanche activity can be used, i.e.
frequency together with release area of the largest event.

In this work, three statistical techniques were adopted to analyze the possi-
ble relation between avalanche activity and topographical features and each of
them gave interesting results.

The application of linear regression models to predict avalanche activity
on the basis of seven topographical parameters failed. This result implies that,
under the assumption that the model was correct, no statistically significant lin-
ear relation between the aforementioned variables exists. Other linear models
may be used, for example including different topographic parameters or diffe-
rent numbers of them. Methods like stepwise regression or regression applied
on PCA-variables (variables transformed by the Principal Component Analy-
sis) might give information about which are the most significant variables and
build models to predict avalanche activity only using those variables. But in
general, stepwise regression and regression with PCA-variables almost always
gives results that are worse, in terms of prediction’s accuracy, than the results
of the regression model performed with all the independent variables [Harrell,
2001; MathSoft, 2000].

Alternatively, linear regression models can be used to predict avalanche
activity described by numava and skew instead of by a vector as in equation 5.1.
The variables numava and skew were found to be suitable to describe avalanche
activity in the agglomerative clustering method, therefore it may be interesting
to see if linear models may work in predicting these variables.

Another statistical method that could be applied is multivariate regression,
which does not imply the assumption of independence between the components
yi of the vector representing avalanche activity; it predicts the whole vector
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simultaneously.
An important achievement of this chapter is the results of the CART method,

which gave information about which topographical variables most influence
avalanche activity. These were found to be: standard deviation of slope, dis-
tance to ridge, plan and profile curvature for every size class of the potential
release area. Recalling the citation of Gleason [1995] given on p. 56-57, the
present study adds a contribution to the investigation of the influence of topo-
graphic features on avalanche activity, but it is still true that further work is
needed to quantify it more precisely. Future studies should focus also on stan-
dard deviation of slope, distance to ridge and curvature, to be more complete
in the analysis of the avalanche activity with respect to terrain characteristics.
In order to confirm the findings of the present study, it will be important to
apply this methodology in other regions where good avalanche databases are
available.

The agglomerative hierarchical clustering approach applied to topographi-
cal parameters identified clusters which are not perfectly homogeneous in terms
of avalanche activity, but special features of the avalanche activity were found
within these clusters. The reexamination of the clusters that are similar in
terms of avalanche activity, in order to find potential similarity in topography,
did not provide a positive result. On the other hand, the agglomerative hie-
rarchical clustering approach applied to avalanche activity identified clusters
that are very inhomogeneous in terms of topographic attributes. In conclu-
sion, although good examples of PRAs similar both in terms of topographical
parameters and of avalanche activity could be found, no general and precise
statistical rules could be derived to relate different avalanche activities to diffe-
rent kinds of terrain characteristics. A reason for this might be that in reality a
specific avalanche activity can be related to different combinations of topogra-
phical attributes. In this case, it is possible that homogeneous clusters in terms
of avalanche activity contain PRAs characterized by different topographical
parameters. This would mean that our initial assumption was wrong.

The statistical analysis provided a further important result: it underlined
the fact that there are large uncertainties in determining avalanche activity,
here related to release area. In the procedure of avalanche hazard mapping, the
determination of the release area is an important step which contains uncer-
tainties that have to be taken into account. The aim of this work is to use the
distributions of the avalanche activity as input for the release area in avalanche
simulations. The Monte Carlo approach to avalanche hazard mapping will use
these distributions to create, as outputs, distributions for the runout distance
and for the impact pressure, which are analyzed in order to account for those
uncertainties. Chapter 6 explains the procedure in details and with a real case
study.



Chapter 6

Monte Carlo simulation

6.1 Introduction

This chapter addresses the problem of uncertainties in avalanche simulation,
especially regarding the avalanche hazard mapping procedure. The basic idea
is to consider the uncertainties of each avalanche model input parameter, i.e.
release area, fracture depth and friction coefficients, in terms of probability
distributions and, in a second step, use these probability distributions as input
for Monte Carlo simulations. In this chapter, a first section gives an insight into
the methodology of Monte Carlo simulation: the general theory as well as the
theoretical basis of its application in case of avalanche simulations is presented.
In a second section, a case study is shown to illustrate the methodology. Finally,
the results are discussed and the quality and usefulness of the Monte Carlo
procedure in avalanche hazard mapping is evaluated.

6.2 Monte Carlo simulation

6.2.1 Theory

Monte Carlo methods are probabilistic analysis techniques that involve using
random numbers and probability to quantify uncertainty [Robert & Casella,
1999].

Computer simulations mean using computers to model real life or make
predictions. In general, a numerical model involves a certain number of input
parameters and equations that use those inputs to produce a set of outputs (or
response variables). This type of model is usually deterministic. A determi-
nistic model needs precise values for the input parameters, but in reality, and
especially in models of complex processes such as avalanches, it is sometimes
very difficult, if not impossible, to provide accurate input parameters. There-
fore, it is important to take the related uncertainties into account and to check
the sensitivity of the model to the input parameters.

Monte Carlo (MC) simulation can be understood as a method for iteratively
evaluating a deterministic model using sets of random numbers as inputs. This
technique is often used when the model is complex, nonlinear, or involves many

80
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uncertain input parameters. A simulation can involve thousands of evaluations
of the model, a task which in the past could be handled only by using super-
computers [Wittwer, 2004]. The Monte Carlo (MC) method is one of many
methods for analyzing uncertainty propagation that aim to determine how ran-
dom variations, lack of knowledge, or errors affect the sensitivity, or reliability
of the system that is being modelled. MC simulation is classified as a sampling
method because the inputs are randomly generated from probability distribu-
tions to simulate the process of sampling from an actual population. Therefore,
an important task is to choose a distribution for the inputs that matches as
closely as possible the real data. The outputs generated from the MC simula-
tions are usually represented as probability distributions (or histograms), but
summary statistics can also be generated.

6.2.2 Monte Carlo approach to avalanche simulation

The application of the Monte Carlo methodology to avalanche simulation im-
plies several steps:

1. definition of the distributions for the model input parameters,

2. random sampling process,

3. iterative runs of the dynamical avalanche model,

4. analysis of the outputs.

Figure 6.1 shows graphically the steps of the Monte Carlo approach to avalanche
simulation.

 

FL-1D (fdi, Ai, mi, xi)

Random sampling:
fdi  Ai  mi  xi

Distributions for the 
input parameters:

Distributions for the 
output parameters:

1

3

2

4

fracture depth fd, release area A,
dry friction m, turbolent friction x

results:
runout distance ri
impact pressure pi

for i = 0 to N

runout distance r, impact pressure p

Figure 6.1: Monte Carlo approach to avalanche simulation: N runs of the
model FL-1D are performed with different values of fdi, Ai, µi, ξi to calculate
different values of ri and pi. N is the number of sampling for the input
parameters generated from their distributions. The resulting runout distance
and impact pressure are also represented as distributions.
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The deterministic dynamic model used to simulate avalanches is the model
FL-1D described in Section 2.3. The inputs of FL-1D are: avalanche profile,
release area A, fracture depth fd and friction coefficients µ and ξ. The model
outputs relevant for the avalanche hazard assessment are runout distance and
impact pressure. Barbolini et al. [2000] performed a sensitivity analysis of
different models of avalanche dynamics, FL-1D included. The results showed
that the runout distance calculated by FL-1D is sensitive to all of the input
parameters. A variation of 30% in the value of the friction parameter µ can
produce a variation of up to 20% in the runout distance; variations of 30% in
the values of the friction parameter ξ, the fracture depth fd and the release area
A produce variations for the runout distance of the order of 5%. Therefore, it is
important to take into account the uncertainties present in the determination of
the input parameters, given that the outputs of the model are sensitive to their
variation. A variation in the definition of the profile might also have influence
on the model outputs, but in this study the profile was always defined only once
and kept constant for all the simulations.

The first step was to determine the distributions for the fracture depth,
the release area and the friction coefficients. This study focuses on the un-
certainty of the release area; for this input parameter a precise definition of
the distribution is provided. For the other parameters simple approaches were
applied. MC simulations were used in this study for two applications with diffe-
rent purposes, therefore the distributions for the input parameters were derived
in two different ways according to the considered aim.

Reproduction of Historical Avalanche Events (RHAE). In this case, the
aim was to inverse model the known historical avalanche events, therefore real
data were used directly to derive the distributions both for the release area and
for the fracture depth. For friction parameters µ and ξ, normal distributions
were chosen with a mean value linearly interpolated from the values suggested
by the Swiss Guidelines (see Table 2.2 in Section 2.3). The standard deviation
was chosen to be equal to 10%, 20% and 30% of the mean value in order to
test the sensitivity of the model to the standard deviation. These standard
deviations cover a range of friction values which are realistic and within the
range proposed by SLF [1999b]. The results of the three simulations should tell
which is the best value for the standard deviation to inverse model historical
avalanche events; this value will then be used in future applications.

Avalanche Hazard Mapping (AHM). In this case, the Monte Carlo proce-
dure was applied in order to estimate the uncertainties present in an avalanche
hazard map. Recall that in avalanche hazard mapping, avalanches with a re-
turn period (T ) of 30 and 300 years, respectively, have to be simulated (see
Section 2.4). The input for the fracture depth were normal distributions cen-
tered on mean values suggested by the Swiss Guidelines, for avalanches with a
return period of 30 and 300 years, and a standard deviation equal to the 15%
of these values. For the release area, the total extent of the potential release
area was used as an input for avalanches with a return period of 300 years.
For avalanches with a return period of 30 years, the Gumbel statistic [Reiss
& Thomas, 1997] was applied to the data representing release areas of past
avalanche events, to determine a value that was taken as the mean value of the
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normal distribution used as input for the release area. The distributions for
the friction coefficients µ and ξ were chosen to be a normal distribution with a
mean value given by the Swiss Guidelines (see Table 2.2 in Section 2.3) and a
standard deviation equal to 15% of this value.

The example of Brämabüel given in the next section describes these two
cases in more detail (reproduction of historical avalanche events and avalanche
hazard mapping).

The second step of the procedure was to perform random sampling of the
distributions of the input parameters, in order to create N different scenarios
and, in the third step, run the dynamical model FL-1D as many times as the
sampling number N. In this study, N was chosen equal to 500.

The fourth step was the analysis of the outputs given in the form of
distributions. Runout distance and impact pressure are described by the mean
value and standard deviation of their distributions which take into account the
uncertainties in their determination.

A bespoke program that integrates AML (ArcInfo Macro Language), C and
S-Plus was written for the implementation of this Monte Carlo procedure.

6.3 Application to a real case study: Brämabüel

In this section, a real case study is considered and the procedure of the MC
simulation is applied to the two different cases explained in Section 6.2.2.

The avalanche slope of Brämabüel is situated at the beginning of the Dischma
valley in the region of Davos (see Figures 6.2 and 6.3). It is a steep constant
slope, always above 30◦, from an altitude of 2300 m a.s.l. down to the valley
bottom at 1560 m a.s.l., where the inclination becomes gentler. It has a N-NE
aspect. On the Northern side of Brämabüel, avalanches are frequent. They can
break loose from different release areas and run down the slope taking as path
one of the four channels through the forest. The avalanche track considered
in this case study is shown in Figure 6.2. As potential release area for this
avalanche track, the PRA resulting from the automatic procedure explained in
Section 4.2 was used; the total extent of this PRA is 39800 m2 (Fig. 6.2).

6.3.1 Brämabüel: reproduction of historical avalanche events
(RHAE)

In the reproduction of historical avalanche events (RHAE) case, the goal is to
reproduce the past avalanche events by the MC simulation. From the analysis
carried out in Section 4.2, the avalanche activity of the considered PRA consists
of a total of 20 avalanches occurring within the 49 years of the database (1949-
1997).

The first step is to determine the distributions for the input parameters,
namely fracture depth (fd), release area (A) and friction coefficients (µ and ξ).

The friction coefficients µ and ξ are represented by a distribution centered on
a mean value linearly interpolated from the values given by the Swiss Guidelines
[SLF, 1999b]. For the Brämabüel avalanche track and assuming a return period
of 30 years, the mean value µ was taken equal to 0.25 and the mean value ξ
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Figure 6.2: Orthophoto of the Brämabüel slope. The considered avalanche
track and potential release area are shown. Topographic base map reproduced
by permission of swisstopo (BA046644). Orthophoto: SWISSIMAGE c©2000
swisstopo (DV023193).
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Figure 6.3: Map of the Brämabüel slope. The considered avalanche track
and potential release area are shown. Topographic base map reproduced by
permission of swisstopo (BA046644).
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equal to 1555 m/s2 (the reference avalanche volume to determine the friction
coefficients was 23880 m3). Three different values for the standard deviation
were used, equal to 10%, 20% and 30% of the mean values.

For the release area, the distribution generated from the analysis of the past
avalanches that released from the considered PRA was used. This distribution
was extracted from the database of PRAs with the related avalanche activity
resulting from the analysis described in Section 4.4. Figure 6.4a shows the
distribution for the release area of the considered PRA at Brämabüel, not as a
percentage of the total potential release area but with absolute values.
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Figure 6.4: Release area and fracture depth distributions used as input for
the MC simulation in the RHAE case study.

The fracture depth distribution was derived using the results of the pro-
cedure that is used in Switzerland for avalanche hazard mapping [Salm et al.,
1990]. This procedure assumes that the maximum yearly increase of snow
cover within three days (HS DIF3D) is representative for the fracture depth
of avalanches. For avalanche hazard mapping purposes, the yearly maxima
of HS DIF3D are extrapolated using the extreme-values statistics technique of
Gumbel analysis. This technique is able to relate the maximum values of a vari-
able (in this case HS DIF3D) with its return period [Reiss & Thomas, 1997]. In
Figure 6.5 an example of such an analysis is shown for the snow measurement
site Weissfluhjoch. This plot can be used to extrapolate the values of the frac-
ture depth for the desired return period. According to the Swiss Guidelines,
the extracted value has to be corrected by factors related to the slope angle
and the altitude of the release area and to the snow drift process (refer to Salm
et al. [1990] for the description of these correction factors).

However, in this case study, the goal is not to extrapolate the fracture
depth for 30 and 300 years avalanche events, but to reproduce historical aval-
anche events that occurred between 1949 and 1997. Therefore, the values of
HS DIF3D, recorded at the snow measurement site Weissfluhjoch during the
same time period have been directly used, after applying the slope, altitude
and snow-drift corrections, to create the corresponding fracture depth distribu-
tion (see Figure 6.4b).
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Figure 6.5: Gumbel statistic for the data of the snow measurement site Weiss-
fluhjoch: maximum difference of the snow height over three days (HS DIF3D)
versus the return period (T ). Source: SLF Database.

After all the necessary inputs for the MC simulation were determined, ran-
dom sampling was performed and N = 500 runs (N = number of sampling)
of the FL-1D model were made. The outputs of the MC simulation procedure
are represented by distributions. In the RHAE case study, the interesting out-
puts are the runout distances, which were compared to the runout distances
of the real historical data. In Figure 6.6 the results of the MC simulations
are shown, together with the outline of the historical events. Figure 6.7 shows
the distributions of the runout distances of the simulated avalanches for the
three different standard deviations for the friction parameters. As expected,
the runout distances of the simulation with 30% covered a wider range than
the ones of the simulation with 10% and 20%, respectively. However, the mean
values are all placed at an altitude of about 1620 m a.s.l., corresponding to an
avalanche length of 1140 ± 15 m.

A comparison with the runout distances of the historical avalanches was
made visually on the map and along the avalanche profile as displayed in Fi-
gure 6.7. The MC simulation results with standard deviation for the friction
coefficients µ and ξ equal to 30% show a good fit to the real medium and large
size avalanche events. The MC simulations with standard deviations equal
to 10% and 20% underestimated the range of the real medium and large size
avalanche events.

Most historical avalanches stopped at an altitude of 1610-20 m a.s.l. where
the simulated avalanches also mostly stopped. But the five smallest avalanche
events were not reproduced by the MC simulation, because they stopped at
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Figure 6.6: Runout distances resulting from the three MC simulations in the
RHAE case study, in comparison with the runout distances of the histori-
cal avalanches. The yellow, pink and blue lines show the range of the runout
distances for the three different MC simulations. Topographic base map repro-
duced by permission of swisstopo (BA046644). Orthophoto: SWISSIMAGE
c©2000 swisstopo (DV023193).
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an altitude between 1800 and 2000 m a.s.l. and on terrain steeper than 29◦.
This slope angle is considered, within the FL-1D model, too steep for a runout
zone. Therefore, these avalanches were directly checked in the winter reports
[SLF, 2002], where it was found that they were effectively avalanches of small
dimension. Most likely, they were small avalanches with high friction and insuf-
ficient mass to carry on further down the slope. This is a clear indication that
the model FL-1D is not calibrated for such small avalanches and therefore has
difficulties reproducing them. However, although the aim of this section is to
reproduce, as closely as possible, historical avalanche events, the fact that these
small avalanches were not well reproduced is not necessarily a problem when
considering the global usefulness of this procedure. The possible usefulness of
the proposed procedure is in estimating the avalanche activity in the lower part
of avalanche paths where avalanches have a significant influence on land use by
humans. For example, in the case of the avalanche path of Brämabüel, it is
useful to know the frequency of avalanches crossing the main road or the cross-
country skiing path situated by the river, but it is only of marginal interest
whether a small avalanche occurred in the upper part of the slope.

6.3.2 Brämabüel: Avalanche Hazard Mapping (AHM)

In the avalanche hazard mapping (AHM) case, the goal is to generate an aval-
anche hazard map that includes uncertainties, using the MC simulation proce-
dure.

In Switzerland, the Swiss Guidelines recommend simulating avalanches with
return periods of 30 and 300 years (also referred to as 30yr and 300yr avalanches,
respectively) to calculate impact pressures and runout distances of frequent and
extreme avalanches. Therefore, the MC simulation was used in both cases, with
appropriate input parameters.

For avalanches with a return period of 300 years, normal distributions for µ,
ξ and fracture depth were built with mean values equal to the values suggested
by the Swiss Guidelines [SLF, 1999b; Salm et al., 1990] and standard deviations
equal to 15% of these values: µ = 0.2, ξ = 2000 m/s2 and fracture depth fd =
1.27 m (the reference avalanche volume to determine the friction coefficients was
50546 m3). In this case, the standard deviation was chosen to be 15% because
the aim is to reproduce a particular return period (e.g. 30 or 300 years), whereas
the goal of the RHAE case was to reproduce a larger spectrum of return periods
(i.e. return periods from about 2 to 50 years). Another reason for the choice
of the standard deviation equal to 15% was that larger values of the standard
deviation would produce unrealistic values for the input parameters (given a
return period, the values suggested by the Swiss Guidelines lie within a specific
range which would be not conformed with when using distributions with larger
standard deviations). The release area is assumed to be equal to the total
extent of the potential release area (39800 m2), which is normally the case with
extreme avalanches. The MC simulation consisted of 500 runs, resulting in the
runout distance distribution shown in Figures 6.8 and 6.9. In Figure 6.8, the
limit between the red and the blue zones for avalanches with return period of
300 years is also shown. These results have to be combined with the outputs
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of the MC simulation for avalanches with return period of 30 years to produce
the final avalanche hazard map.
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Figure 6.8: Runout distances and red/blue limit resulting from the MC sim-
ulation for 300yr avalanches in the AHM case study. The runout distances of
the historical avalanches are also shown. Topographic base map reproduced
by permission of swisstopo (BA046644). Orthophoto: SWISSIMAGE c©2000
swisstopo (DV023193).
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For avalanches with a return period of 30 years, normal distributions for µ,
ξ and fracture depth were built with mean values equal to the values suggested
by the Swiss Guidelines [SLF, 1999b; Salm et al., 1990] and standard deviations
equal to 15% of these values: µ = 0.25, ξ = 1555 m/s2 and fracture depth fd

= 0.94 m (the reference avalanche volume to determine the friction coefficients
was 37412 m3).

The input for the release area is, in this case, also a normal distribution,
but centered on a value determined by the following procedure; the standard
deviation was again chosen as 15% of the mean value. A Gumbel statistic,
similar to that usually carried out with snow data, was calculated with the data
of the release area of the past avalanches that released from the considered PRA
at Brämabüel. Of the 20 avalanches that occurred there in the 49 years of the
avalanche database, the extent of the maximum release area per year is stored.
The Gumbel statistic applied on these maximum values results in the fit shown
in Figure 6.10, which relates the extent of the release area, in percentage of the
total PRA, to the return period T.
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Figure 6.10: AHM case study: Gumbel statistic for the release area plotted
against the return period. See text for explanations.

Since the release area cannot assume negative values, a minimum value for
the release area had to be found. A total of 20 avalanches in 49 years means
that on average there was an avalanche every 2.5 years and that avalanches
with a smaller return period had a release area equal to zero, i.e. there were no
avalanches with a return period T lower than 2.5 years. From the fitted curve,
the release area becomes equal to 100% of the total PRA for avalanches with
a return period of 28 years. This finding supports our assumption that for a
300yr avalanche the total extent of the PRA has to be taken as input for the
avalanche simulations. Also a 30yr avalanche has the release area already equal
to 100% of the PRA, therefore, in this case, the input to the MC simulations
is the constant value 39800 m2 (total extent of the PRA).

As with the friction coefficients µ and ξ, the standard deviation for the
release area was taken to be equal to 15 % of the mean release area value.

Figures 6.9 and 6.11 show the distribution of the runout distance resulting
from the MC simulation for avalanches with return period of 30 years. These re-
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Figure 6.11: Runout distances resulting from the MC simulation for 30yr
avalanches in the AHM case study. The runout distances of the historical
avalanches are also shown. Topographic base map reproduced by permis-
sion of swisstopo (BA046644). Orthophoto: SWISSIMAGE c©2000 swisstopo
(DV023193).
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sults, together with the results of the MC simulation for avalanches with a return
period of 300 years, are able to represent the two big avalanches which crossed
the road and climbed the opposite slope and which were not caught by the MC
simulation in the RHAE case study (see Section 6.3.1). Figure 6.9 shows how
most of the 30yr avalanches stopped, as expected, before the 300yr avalanches.
Combining the two MC simulations, the possible avalanche hazard map which
includes uncertainties for the considered avalanche path at Brämabüel could be
drawn (Fig. 6.12 and 6.13). Recall that the red/blue limit is defined either by
the position where the 300yr avalanches have a pressure of 30 kPa or by the
runout distance of the 30yr avalanches. For the modelled path, the worst case
for the definition of the red/blue limit is given by the simulation of avalanches
with a return period of 300 years, which is therefore used to define the hazard
zones (see Section 2.4). The mean values for the red/blue limit and for the
blue limit (runout distance) are placed at a distance of 40 m. The standard
deviations for the distributions of the red/blue limit and of the blue limit are
equal to 47 and 24 m, respectively.
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Figure 6.13: Proposed delineations (1 and 2) of the avalanche hazard map
for the considered avalanche track at Brämabüel. The straight red and blue
lines represent the limits of the red and blue zones, respectively. The official
avalanche hazard map is also shown. Topographic base map reproduced by
permission of swisstopo (BA046644). Orthophoto: SWISSIMAGE c©2000
swisstopo (DV023193).

The initial idea was to use the mean value + 2std to define the limits
of the hazard zones. In this case, there would be no blue zone because the
position of the mean value + 2std for the blue limit lies before the position
of the mean value + 2std for the red/blue limit (Fig. 6.12). This happened
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because of the presence of the opposite slope at the end of the runout zone of
the avalanche path of Brämabüel. Due to the opposite slope, the avalanches can
not develop further along the avalanche path, therefore the distribution of the
runout distance (blue limit) is less spread than the distribution for the red/blue
limit. Recall that, in this case, the red/blue limit is defined as the position where
the pressure of the 300yr avalanches is equal to 30 kPa (see Section 2.4). The
avalanches reached this pressure while still travelling downslope and therefore
this distribution is not affected by the presence of the opposite slope. In general,
models of avalanche dynamics encounter difficulties in simulating avalanches
with such runout zones. Therefore, two solutions are proposed for this, and
similar cases.

The first solution (1) suggests defining the red/blue limit by the mean value
+ 2std and the blue limit by the mean value + 3std (Fig. 6.12 and 6.13).

The second solution (2) takes into consideration only the mean value for the
position of the blue limit and determines the corresponding standard deviation
using the assumption underlying the analytical model of Voellmy-Salm [Salm
et al., 1990]. Salm et al. [1990] considered that the pressure decreases linearly
in the runout zone. Under this assumption, the standard deviation for the
distribution of the blue limit can be taken as equal to the standard deviation of
the distribution of the red/blue limit, therefore, the distance between the mean
value for the red/blue limit and the mean value for the blue limit (40 m) is equal
to the distance between the corresponding mean values + 2std. Therefore, the
position of the mean value + 2std for the blue limit is placed 40 m after the
one of the red/blue limit. With this solution, the limits of the hazard zones are
defined by the mean value + 2std (Fig. 6.12 and 6.13).

Both proposed solutions to analyze the output of the MC simulations for
the definition of the avalanche hazard zones defined the red/blue and the blue
limits at positions near to the limits of the official avalanche hazard map
[Summaprada, 1985]. The variability of the red/blue limit defined by the MC
procedure is high and the mean value + 2std can represent the red/blue limit
proposed by the official hazard map. The official blue limit is located between
the two possible blue limits delineated by the two aforementioned proposals.

6.4 Discussion

MC simulation was shown to be a valuable method to estimate possible aval-
anche hazard in an avalanche path. For the Brämabüel avalanche path, in the
reproduction of historical avalanche events case study, the comparison of the
runout distances of the historical avalanche events with the runout distances
resulting from the MC simulation are in good agreement with the historical
avalanches of medium and large dimension.

The MC simulations in the AHM case study produced avalanche runout
distances shorter than the blue limit delineated by the official hazard map
[Summaprada, 1985]. As explained in Section 6.3.2, in this case study, this is
related to the presence of an opposite slope. The two proposed solutions are
able to overcome this problem and produce realistic avalanche hazard maps
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similar to the official one.
The example of Brämabüel highlighted the fact that the Monte Carlo ap-

proach to avalanche hazard mapping cannot give precise and faultless rules
about how to define hazard maps, but can provide useful information about
the uncertainties in determining the red and blue limits. An expert might find
support in this tool which provides results that, however, have to be critically
analyzed in each special case. For example, in the considered avalanche path,
the presence of the opposite slope was taken into consideration in drawing the
final hazard limits. In another case, the presence of an abrupt increase of the
steepness within the runout zone might produce the opposite effect, namely a
more extended distribution for the blue limit than for the red/blue limit. All
possible different cases have to be critically judged by the expert who has to
draw avalanche hazard maps. Moreover, it has to be recalled that the procedure
to generate avalanche hazard maps includes different aspects (see Section 2.4),
and that here only avalanche simulation has been considered.

The most relevant result of this chapter is the proposal of a procedure to
create avalanche hazard maps which include uncertainties. Barbolini [1999]
combined avalanche dynamics calculations with statistical analysis to create
a methodology to quantify these uncertainties; he also used the Monte Carlo
technique. The main improvement over that work is that here the distribution
for the release area was generated by studying past avalanche events and not
simply with a triangular distribution function centered on an assumed most
probable value for the release area and ranging between estimated minimum
and maximum values. As said in Section 6.2.1, it is important to use as input
distributions that are as close as possible to real data, because, in this way, the
random sampling is able to reproduce scenarios representative of the reality.
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Figure 6.14: Fictitious examples of possible results of the Gumbel statistics
applied on the data of release areas of past avalanche events within three
different potential release areas.

The Gumbel statistic provides information about the extent of the release
area (as a percentage of the total PRA) of an avalanche with a specific return
period. Figure 6.14 provides fictitious examples of the possible results of the
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Gumbel statistic applied to different PRAs. For PRAb, as for the PRA at
Brämabüel (see Fig. 6.10), the release area of an avalanche with a return period
of 30 years already covers the total extent of the PRA. In case of PRAa, 100% of
the PRA is reached by an avalanche with a return period T of 90 years and the
extent of the release area for an avalanche with a return period T of 30 years is
equal to 77% of the PRA. PRAb is an example of a potential release area with
only 5 avalanches within the 49 years of the recording period. In such a case
it is not possible to have information about avalanches with a return period of
less than 10 years. For both PRAa and PRAb, as well as for Bramabüel, the
release area of avalanches with a return period of 300 years covers the total
extent of the PRA, while for PRAc these avalanches have a release area equal
to 90% of the PRA.

Analyzing the Gumbel statistic produced for all the PRAs in the database
would be an interesting exercise to see whether the assumption that avalanches
with a return period of 300 years have a release area equal to the total extent
of the PRA is correct. Moreover, it would be possible to give recommendations
about the extent of the release area of avalanches with a return period of 30
years for the avalanche hazard mapping procedure. In cases where an expert
has to create an avalanche hazard map for an avalanche site with good records
of past avalanche events, they could apply the Gumbel statistic to the values of
the historical release areas, in order to derive the information about the extent
of the release area for avalanches with return periods of 30 and 300 years,
respectively. In cases where an avalanche path with no historical data exists,
the expert could use the procedure that will be explained and illustrated with
three examples, in the next chapter.



Chapter 7

Applications for avalanche
hazard assessment

7.1 Introduction

In this chapter, the main goal is to develop a useful methodology to assess the
hazard level (as defined in Section 2.4) in the zone of influence of avalanches for
areas where there are insufficient and/or poor quality records of past avalanche
events. This methodology combines the procedures described in chapters 4 and
6.

The underlying idea is to use information about avalanche activity from
other avalanche paths, with similar PRAs in terms of topographical characte-
ristics, where avalanche information are available, and apply it to the undocu-
mented avalanche paths. Here, the Monte Carlo simulation can be applied to
determine the avalanche hazard level and its related uncertainties.

The chapter is structured into two main sections: first, the method is ex-
plained in detail and secondly, three case studies are presented. The final
discussion describes the strengths and weakenesses of the proposed procedure
and possible future developments.

7.2 Method

The proposed procedure to estimate possible avalanche activity for an undocu-
mented avalanche path and to produce an avalanche hazard map that includes
uncertainties consists of five steps:

1. Definition of the potential release area.

2. Topographical characterization of the defined PRA.

3. Comparison of the topographical characteristics of the PRA with other
PRAs for which avalanche activity is known.

4. Derivation of avalanche activity (or release area distribution) for the PRA
from the avalanche activities of the most similar PRAs of the database.

96
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5. Monte Carlo (MC) simulation to estimate possible avalanche runout dis-
tances and to produce an avalanche hazard map including uncertainties.

The first and the second steps have already been explained in detail in
Chapter 4. Therefore, they are only briefly described here. For a new avalanche
path, a potential release area has first to be defined. In order to do this, the
PRA definition procedure is applied; the necessary input is the Digital Elevation
Model. After the PRA has been defined, the PRA characterization procedure
is used to determine its characterizing topographical features.

During the third step the topographical characteristics of the PRA are
compared to those of other PRAs (which have associated data on avalanche
activity). Since in Section 5.2.3, no clear relationship in terms of topography
and avalanche activity was found within the clusters, the comparison proce-
dure does not use the clusters, but searches for similar PRAs directly in the
database. Note that the size of the new PRA is determined first, in order to
make comparisons only with PRAs of the same size class.

In Section 5.2.3, the PRAs were represented by pies with sectors defined on
the basis of the classification given in Table 5.7. Each of the nine topographic
parameters belongs to either class 1, 2 or 3, and is represented in a pie by a
sector of a different level of grey (see Figure 5.17). Also here, the PRAs are
characterized by the same topographic classification.

The comparison procedure, referred to as a similarity matching procedure,
calculates the similarities of PRAs in terms of distance between their charac-
terizing topographic parameters. The difference function between two PRAs,
represented by the vectors v and p, is given by:

d(v, p) =
9∑

i=1

d(vi, pi) (7.1)

where d(vi, pi) = 1− δvi,pi
, i being the index for the ith topographic parameter.

The function Kronecker delta δvi,pi
implies that the difference d(vi, pi) = 0 if

vi = pi and = 1 if vi 6= pi [Arfken & Weber, 1985]. The difference between
two PRAs is equal to the sum of the differences of the topographical features.
A PRA in the database is considered similar to the new one, and therefore
included in the analysis, if the distance given in equation 7.1 is less than 4
(d ≤ 3).

The fourth step consists of the determination of the release area distribu-
tion of the new PRA from those of the most similar PRAs. This distribution
is determined in two different ways depending on the purpose of the analy-
sis, namely, if the goal is the determination of runout distances of frequent
avalanches (frequent avalanches (FA) case, as in the reproduction of historical
avalanche events (RHAE) case for Brämabüel) or it is the determination of the
avalanche hazard zones (as in the avalanche hazard mapping (AHM) case for
Brämabüel).
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If the purpose is to estimate the runout distances for frequent avalanches
(FA case), the release area distribution for the new PRA is represented by
a vector determined directly by the avalanche activities of the most similar
PRAs of the database. However, PRAs that differ from the new PRA in one,
two or three topographic parameters have different weights in determining the
avalanche activity (or release area distribution) for the new PRA. The weights
were chosen in order that more similar PRAs are more relevant than less similar
PRAs (see Table 7.1).

Table 7.1: Weights for the determination of the avalanche activity of a new
PRA by the similarity matching procedure.

Number of
differences Weights

0 7
1 3
2 2
3 1

The final avalanche activity for the new PRA is therefore determined as:

vava =
10∑

i=1

(wa · ai + wb · bi + wc · ci + ...) (7.2)

where a, b, c, ... are the vectors of avalanche activity for the similar PRAs and
wa, wb, wc, ... are the corresponding weights.

As an example, consider three PRAs found in the database to be similar to
the new one. PRAa differs from the new PRA only for 1 topographic feature,
therefore is weighted with a factor 3, PRAb has a difference of 3 and is weighted
with a factor 1, PRAc has all the nine topographic parameters identical to the
new PRA and is weighted with a factor 7. These PRAs have the following
associated avalanche activity:

aava = (5, 2, 0, 0, 1, 0, 0, 0, 0, 0)

bava = (0, 0, 3, 0, 0, 0, 0, 0, 1, 1)

cava = (2, 1, 0, 0, 0, 0, 0, 0, 0, 0)

The resulting avalanche activity for the new PRA is represented by:

vava = 3 · aava + bava + 7 · cava = (29, 13, 9, 0, 3, 0, 0, 0, 3, 3)

The vector vava, combined with the extent of the new PRA, gives the neces-
sary information to generate the input for the release area in the MC simulation.

In order to estimate the quality of the similarity matching procedure, it was
used for six different potential release areas within the region of Davos, where
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Figure 7.1: Area of Glaris: PRAs for the evaluation of the similarity match-
ing procedure. Furthermore, the historical avalanches that released from those
PRAs are shown. Topographic base map reproduced by permission of swis-
stopo (BA046644).
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Figure 7.2: Area of Gotschna: PRAs for the evaluation of the similarity
matching procedure. Furthermore, the historical avalanches that released
from those PRAs are shown. Topographic base map reproduced by permission
of swisstopo (BA046644).
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past avalanche events have been recorded. In this way, the distribution for
the release area resulting from the similarity matching procedure and the one
generated from historical avalanche events could be compared. The considered
PRAs in the area of Glaris and Gotschna are shown in Figures 7.1 and 7.2.
Figure 7.3 shows both the distributions for the considered six PRAs. In the
next section, the two distributions are used as input to the MC simulation
(see Section 7.3.1) and the results do not show a great difference in the runout
distances computed using the two different distributions.

altein

0

1

2

3

4

5

6

7

0 10000 20000 30000 40000

release area (m2)

Comp
Real

altein north

0

1

2

3

4

5

6

7

0 10000 20000 30000 40000 50000 60000

release area (m2)

altein north 1

0

1

2

3

4

5

6

0 20000 40000 60000
release area (m2)

gotschna

0

1

2

3

4

5

0 50000 100000 150000 200000

release area (m2)

grüeni 

0
2
4
6
8
10
12
14
16
18

0 20000 40000 60000 80000
release area (m2)

grüeni 1

0

20

40

60

80

100

120

140

0 10000 20000 30000 40000
release area (m2)

Comp
Real

Comp
Real

Comp
Real

Comp
Real

Comp
Real

Figure 7.3: Comparison of the release area distribution generated from his-
torical avalanche events and the one resulting from the similarity matching
procedure.

A question that therefore arose was whether the choice of the release area
distribution has a significant influence on the resulting runout distances – sen-
sitivity tests were therefore performed. Three different MC simulations were
carried out for a simple avalanche profile composed of three parts with con-
stant slope inclination (35◦, 25◦ and 9◦, from the release zone to the runout
zone). The friction coefficients and the fracture depth were represented by nor-
mal distributions centered on the values recommended by the Swiss Guidelines;
the release area were represented by three distributions, centered on different
percentages of the total extent of the PRA (10%, 50% and 90%). The result
showed that the mean values for the runout distance of the 50% and 90% MC
simulations are placed at a distance of 133 and 200 meters from the mean value
of the 10% MC simulation. These results imply that the Monte Carlo procedure
is sensitive to the shape of the release area distribution and therefore it is im-
portant to find the most realistic representation of the release area distribution
as input to the MC simulations.

The fourth step is carried out in a different way if the purpose of the analysis
is to determine the release area distribution for MC simulations that aim to
assess the avalanche hazard levels for avalanche hazard maps (AHM case).
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Within the previously described procedure, the avalanche activity of a new
PRA was directly derived from the avalanche activities of other PRAs in the
database. These avalanche activities have been generated from real avalanche
events that happened over the last 50 years and therefore are characterized by
frequent avalanches with an estimated return period T of not more than 50 years
(i.e. the recording period). For avalanche hazard mapping purposes, avalanches
with return periods of 30 and 300 years have to be simulated and the output
analyzed (see Section 2.4). Therefore the release area for these avalanches
must be estimated. Again, the comparison between the new PRA and the
PRAs of the database in terms of topographical characteristics is performed,
in order to find the most similar PRAs. For these similar PRAs, Gumbel
statistics are performed using the method described in Section 6.3.2 for the
Brämabüel avalanche path. The Gumbel statistics of these PRAs are analyzed
to extrapolate the mean value for the release area of the new PRA (in percentage
of the total PRA), for return periods of 30 and 300 years.

In Chapter 6, an initial assumption was formulated that avalanches with a
return period of 300 years always have a release area equivalent to the total
extent of the PRA. Here, based on other examples, this assumption will be
further tested. Using the Gumbel statistics approach for the determination of
the extent of the release area allows a more precise assessment as to whether
the whole PRA has to be taken into account for a 300yr avalanche event.

Finally, normal distributions centered on the calculated mean values of the
PRAs and with standard deviations equal to 15% of the mean values are used
as input for the release area in the MC simulation for avalanches with return
periods of 30 and 300 years, respectively.

The fifth step is to perform MC simulations which give as output a distri-
bution of runout distances for frequent avalanches (FA case) and a distribution
of runout distances (blue limit) and of the position of the red/blue limit for
30yr and 300yr avalanches (AHM case). The resulting hazard maps include
uncertainties in the form of standard deviations and are created, case by case,
on the basis of specific considerations based on the output distributions and on
the specific avalanche path. Recall that the blue limit is defined by the runout
distance of 300yr avalanches and the red/blue limit is defined either by the
position where the 300yr avalanches have a pressure of 30kPa or by the runout
distance of the 30yr avalances (see Section 2.4).

7.3 Case studies

7.3.1 Case study 1: Alteingrat

The avalanche slope Alteingrat is situated about 10 km south of Davos in the
Southern validation area, as defined in Section 3.3 (see Figures 7.4 and 7.5). It
is a slope of constant inclination (mean slope angle 32◦) from an altitude of 2200
m a.s.l. down to the valley bottom at 1420 m a.s.l., with an E-SE aspect. On
the Eastern side of Alteingrat, avalanches are frequent. They can break loose
from different release areas and run down the slope taking as paths one of the
three channels through the forest. The avalanche track considered in this study
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Figure 7.4: Orthophoto of the Alteingrat slope. The considered avalanche
track and potential release area are shown, together with the extent of
past avalanche events. Topographic base map reproduced by permission
of swisstopo (BA046644). Orthophoto: SWISSIMAGE c©2000 swisstopo
(DV023193).
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Figure 7.5: Map of the Alteingrat slope. The considered avalanche track
and potential release area are shown. Topographic base map reproduced by
permission of swisstopo (BA046644).
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is the most northern channel shown in Figures 7.4 and 7.5. As potential release
area for this avalanche track, the PRA resulting from the automatic procedure
explained in Section 4.2 was taken; the total extent of this PRA is 36932 m2

(Fig. 7.4 and 7.5).
In this case study, the procedure was applied to find the distribution of the

runout distance for frequent avalanches (FA case) and to find the distributions
of the relevant outputs for avalanche hazard maps (AHM case).

Alteingrat: frequent avalanches (FA) case

In the frequent avalanches (FA) case, the aim was to estimate the distribution
of the runout distance of frequent avalanche events, with return periods of less
than 50 years (i.e. time range of the avalanche database). The distributions of
the model input parameters for the MC simulation had to be determined.

For the friction coefficients, normal distributions were defined as for the
reproduction of historical avalanche events (RHAE) case study of Brämabüel
(Section 6.3.1). The mean values of the friction coefficients were chosen follow-
ing the recommendations given by the Swiss Guidelines [SLF, 1999b] and the
standard deviation was taken as equal to 30%. The value of 30% was chosen
because in Chapter 6 this value was found to be best suited to reproducing the
historical avalanche events using the MC simulation in the RHAE case study.
In the case of the considered avalanche track and assuming a return period of
30 years, the mean values and the standard deviation of µ and ξ are shown in
Table 7.2.

Table 7.2: µ and ξ values for frequent avalanches along the avalanche track
of Alteingrat. The reference avalanche volume to determine the friction coef-
ficients was 18466 m3.

altitude (m a.s.l.) µ std µ ξ std ξ

above 1500: 0.26 0.078 1470 441
below 1500: 0.29 0.087 1340 402

The distribution for the fracture depth was determined, as in the case of
Brämabüel, by analyzing data from Weissfluhjoch and applying the corrections
related to the slope angle and the altitude of the release area as well as to the
snow drift process according to Salm et al. [1990] (Fig. 7.6).

For the release area, two different distributions were used as input to the MC
simulations. Because for the considered avalanche track past avalanche events
have been recorded, firstly, a distribution generated from analysis of these past
avalanches was used (Fig. 7.7a). Secondly, the distribution determined by the
similarity matching procedure described in Section 7.2 was used (Fig. 7.7b). The
comparison of the results allowed the evaluation of the quality of the procedure
to determine the distribution of the runout distance by the similarity matching
procedure in areas where no comparison with real past avalanches is possible.

Here, all the steps to determine the release area distribution by the simi-
larity matching procedure are described. The PRA characterization procedure
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Figure 7.6: Alteingrat: fracture depth distribution used as input for the MC
simulation.

was applied to the considered PRA to produce in the characterizing topogra-
phical parameters shown in Table 7.3. The resulting PRA belongs to size class

Table 7.3: Characterizing topographical parameters for the PRA of the Al-
teingrat avalanche path. The first row gives the real values, the second row
shows the classification classes according to Table 5.7 in parentheses. The
total extent of the PRA is 36932 m2.

mean mean std max dist plan prf max prf
aspect slope slope slope ridge curv curv curv shape

105◦ 35◦ 2◦ 41◦ 130 m -0.27 -0.06 1.42 1
(1) (3) (1) (2) (2) (1) (2) (3) (1)

3. Therefore it was compared with the other 55 PRAs of size class 3 in the
database. The similarity matching procedure found three similar PRAs in the
database, with a maximum difference of 3 topographic parameters from the
PRA under consideration. The avalanche activity of these three PRAs was
combined to create the vector representing the distribution of the release area
(or avalanche activity) for the PRA at hand (Fig. 7.7b).

Two MC simulations were performed using the two different distributions
for the release area and the same distributions for the other input parameters.
Figures 7.8 and 7.9 show the results of the two MC simulations. The results of
both runs are similar. Most of the simulated avalanches stopped at the valley
bottom: the mean values of the runout distance are both at an altitude of 1420
m a.s.l. at a reciprocal distance of 25 m, corresponding to an avalanche length
of 1270 and 1245 meters respectively, and the standard deviations are 42 and 65
meters (Fig. 7.8). Comparison with the runout distances of historical avalanche
events was carried out visually on the map and along the avalanche profile
displayed in Figure 7.9. Most of the historical events also stopped between an
altitude of 1500 m a.s.l. and the valley bottom. Six small past avalanches were
not reproduced by the MC simulation. This is again, as in the Brämabüel case
study, a clear demonstration that the model FL-1D is not calibrated for such
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Figure 7.7: Alteingrat: release area distributions used as input for the MC
simulations: (a) derived from the past avalanche events, (b) derived from the
similarity matching procedure.
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Figure 7.8: Alteingrat: mean value, ±1std and ±2std for avalanche runout
distances resulting from the MC simulations, where (a) release area distri-
bution is derived from the past avalanche events on this path (real) and (b)
release area distribution is derived by comparison with topographically sim-
ilar PRAs at other locations (comparison). For comparison, the runout dis-
tances of historical avalanches are shown. Topographic base map reproduced
by permission of swisstopo (BA046644). Orthophoto: SWISSIMAGE c©2000
swisstopo (DV023193).
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Figure 7.9: Alteingrat: distribution of avalanche runout distances resulting
from the MC simulations, in both the ”real” and ”comparison” cases (”real”
and ”comparison” cases defined as in Figure 7.8).

small avalanches and therefore has difficulties reproducing them.
In conclusion, the two MC simulations produced similar results for the

runout distance, that are in good agreement with the medium and large size
past avalanche events. This supports the assumption of using the avalanche
activity derived from the similarity matching procedure to simulate frequent
avalanches in avalanche tracks where no data are available.

Alteingrat: Avalanche Hazard Map (AHM) case study

In the avalanche hazard map (AHM) case, the aim was to predict the distribu-
tion of the output parameters relevant for avalanche hazard mapping, namely
runout distance and pressure for avalanches with a return period of 30 and 300
years. To this end, the distributions of the model input parameters for the MC
simulation had to be determined first.

For the friction coefficients, normal distributions were defined as for the
AHM case study of Brämabüel (Section 6.3.2). The mean values of the fric-
tion coefficients were chosen following the recommendations given by the Swiss
Guidelines [SLF, 1999b] and the standard deviation was taken as equal to 15%
of the mean values. In the case of the considered avalanche track and for return
periods of 30 and 300 years, the mean values and the standard deviation of µ
and ξ are shown in Table 7.4 and 7.5, respectively.

For the fracture depth, normal distributions centered on mean values sug-
gested by the Swiss Guidelines [SLF, 1999b; Salm et al., 1990] and standard
deviations equal to 15% of these values were used. For 30yr avalanches the
mean fracture depth fd was 0.81 m and for 300yr avalanches it was 1.14 m.

For the release area, as in the previous case (FA case), two different dis-
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Table 7.4: µ and ξ values for 30yr avalanches along the avalanche track of Al-
teingrat. The reference avalanche volume to determine the friction coefficients
was 29915 m3.

altitude (m a.s.l.) µ std µ ξ std ξ

above 1500: 0.21 0.031 1750 262
below 1500: 0.25 0.037 1500 225

Table 7.5: µ and ξ values for 300yr avalanches along the avalanche track of Al-
teingrat. The reference avalanche volume to determine the friction coefficients
was 42102 m3.

altitude (m a.s.l.) µ std µ ξ std ξ

above 1500: 0.20 0.030 2000 300
below 1500: 0.24 0.036 1500 225

tributions were used as input to the MC simulations, each of them for both T
= 30 and 300 years, resulting in four MC simulations. Because, for the con-
sidered avalanche track, past avalanche events have been recorded, first, the
distribution generated from the Gumbel analysis of these past avalanches was
used. Second, the distribution determined by the similarity matching procedure
combined with the Gumbel analysis was used.
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Figure 7.10: Alteingrat: Gumbel statistic for the release areas of historical
avalanche events occurred within the considered PRA. The red circles high-
light the values of the release area for T = 30 and 300 years, respectively.

Figure 7.10 shows the Gumbel analysis performed on the data of the real
past avalanches’ release areas. From this analysis, a normal distribution with
a mean value A equal to the 83% of the total PRA, i.e. A = 30653 m2, and a
standard deviation equal to the 15% of this value was chosen as input to the
MC simulation for 30yr avalanches. For 300yr avalanches, the total extent of
the PRA was used, therefore the constant vector of 36932 m2 was the input to
this first MC simulation.
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Figure 7.11: Alteingrat: Gumbel statistic for the release areas of historical
events within one of the three similar PRAs. The red circles highlight the
values of the release area for T = 30 and 300 years, respectively.

The second MC simulation was performed with the same input distribution
for the fracture depth and the friction coefficients, but with release area distri-
butions derived from the Gumbel analysis performed on the data of the past
avalanches’ release areas that had the most similar PRAs. Within two of the
three similar PRAs found in the database, there occurred only one and three
avalanches in the past 50 years, respectively. Therefore it was not possible to
perform a significant Gumbel statistic. The Gumbel analysis for the third PRA
is shown in Figure 7.11. This PRA was taken to be significant to determine the
input for the release area in the MC simulations. From this analysis, a normal
distribution with a mean value A equal to 75% of the total PRA, i.e. A = 27699
m2, and a standard deviation equal to 15% of this value was chosen as input to
the MC simulation for 30yr avalanches. For 300yr avalanches, the total extent
of the PRA was used, hence once again taking the constant vector of 36932 m2

as input to this MC simulation.
Note that the release area inputs for 300yr avalanches turned out to be

the same whether calculated on the basis of Gumbel analysis of actual past
avalanches, or avalanches defined from similar PRAs. Therefore, only one MC
simulation for 300yr avalanches was actually performed. For 30yr avalanches
there was a difference of 8% in the mean value of the normal distributions for
the release area and consequently two different simulations were performed.

Figures 7.12, 7.13 and 7.14 show the results of the three MC simulations.
The resulting runout distances using the two different release area distributions
for 30yr avalanches are very similar. Most of the simulated 30yr avalanches
stopped at the valley bottom: the mean values of the runout distance are at
the position of the road (avalanche length equal to 1305 m) at an altitude
of 1415 m a.s.l. and the standard deviations are of about 20 m (Fig. 7.12).
The simulated 300yr avalanches stopped slightly further along the profile at an
altitude of 1419 m a.s.l. on the opposite slope, corresponding to an avalanche
length of 1345 m (Fig. 7.13).
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Figure 7.12: Alteingrat: mean value, ±1std, ±2std and ±3std for avalanche
runout distances resulting from the MC simulations for 30yr avalanches, in
case both of release area distribution derived from the past avalanche events
from the considered PRA (real) and of release area distribution derived from
the past avalanche events of the similar PRAs (comparison). Furthermore,
the runout distances of the historical avalanches are shown. Topographic
base map reproduced by permission of swisstopo (BA046644). Orthophoto:
SWISSIMAGE c©2000 swisstopo (DV023193).
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Figure 7.13: Alteingrat: mean value, ±1std and ±2std for avalanche runout
distances resulting from the MC simulation for 300yr avalanches. The ”real”
and ”comparison” cases coincide (”real” and ”comparison” cases defined as in
Figure 7.12). Furthermore, the runout distances of the historical avalanches
are shown. Topographic base map reproduced by permission of swisstopo
(BA046644). Orthophoto: SWISSIMAGE c©2000 swisstopo (DV023193).



CHAPTER 7. APPLICATIONS 110

Runout distances

0

50

100

150

200

250

300

350

1230 1250 1270 1290 1310 1330 1350 1370
avalanche length (m)

fre
qu

en
cy

MC T=30 comp
MC T=30 real
MC T=300 comp, real

Figure 7.14: Alteingrat: distribution of avalanche runout distances resulting
from the MC simulations for avalanches with T = 30 and 300 years, in both
the ”real” and ”comparison” cases (”real” and ”comparison” cases defined as
in Figure 7.12). The avalanche length is calculated from the beginning of the
avalanche profile.

For the definition of the hazard zones, the results of the MC simulation
for the 300yr avalanches had to be taken both for the red/blue and the blue
limits. Because of the presence of the opposite slope, this study case is similar
to the one of Brämabüel. The proposed avalanche hazard map would then
consider the red/blue limit determined by the mean value + 2std and the blue
limit by the mean value + 3std. For this avalanche path, no avalanche hazard
map exists, hence a comparison was not possible. The described example has
shown how the results obtained with an analysis made on historical events along
the considered path were similar to the results obtained by the application of
the proposed similarity matching procedure. This was the main goal of this
example.

The next two examples were chosen in the Bernese Oberland region, where
avalanche hazard maps exist but only sparse information exists about historical
avalanches. In those cases a comparison of the official AHM with the one
resulting from the proposed procedure was made.
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7.3.2 Case study 2: Guttannen

Guttannen is a village in the Bernese Oberland region (Canton Bern) at an
altitude of 1050 m a.s.l. endangered by avalanches from different paths. The
chosen avalanche path for this example is one North-East of the village, starting
at an altitude of about 2700 m a.s.l. with a SW aspect (see Figure 7.15). Is is
mostly unchannelled, with a channelled part between 1440 and 1160 m a.s.l..
The PRA definition procedure was applied to the considered area and resulted
in the PRA shown in Figure 7.15; the total extent of the PRA is 91800 m2

(PRA size class 4).
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Figure 7.15: Map of the Guttannen avalanche path. The considered potential
release area is also shown. Topographic base map reproduced by permission
of swisstopo (BA046644).

In this example, the aim was to predict the distribution of the output pa-
rameters relevant for avalanche hazard mapping, namely runout distance and
pressure for avalanches with a return period of 30 and 300 years, respectively.
The distributions of the model input parameters for the MC simulation had to
be determined.

For the friction coefficients, normal distributions were again, as in the previ-
ous examples, defined with mean values chosen following the recommendations
given by the Swiss Guidelines [SLF, 1999b] and standard deviations equal to
15% of the mean values. In this case for a return periods of 30 and 300 years,
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the mean values and the standard deviation of µ and ξ are shown in Table 7.6
and 7.7.

Table 7.6: µ and ξ values for 30yr avalanches along the avalanche track of Gut-
tannen. The reference avalanche volume to determine the friction coefficients
was 73440 m3.

altitude (m a.s.l.) µ std µ ξ std ξ

above 1500 (unchannelled): 0.17 0.026 1980 297
below 1500 (channelled): 0.26 0.039 1490 223

below 1500 (unchannelled): 0.19 0.029 1740 261

Table 7.7: µ and ξ values for 300yr avalanches along the avalanche track of
Guttannen. The reference avalanche volume to determine the friction coeffi-
cients was 104652 m3.

altitude (m a.s.l.) µ std µ ξ std ξ

above 1500 (unchannelled): 0.16 0.024 2490 373
below 1500 (channelled): 0.25 0.037 1490 223

below 1500 (unchannelled): 0.18 0.027 1990 298

For the fracture depth, normal distributions centered on mean values sug-
gested by the Swiss Guidelines [SLF, 1999b; Salm et al., 1990] and standard
deviations equal to 15% of these values were used. The mean fracture depth fd
was 0.8 m for 30yr avalanches and 1.14 m for 300yr avalanches.

For the release area, the similarity matching procedure combined with Gum-
bel analysis was applied. First, the characterization procedure was applied to
the PRA resulting in the topographic features shown in Table 7.8.

Table 7.8: Characterizing topographical parameters for the PRA of the Gut-
tannen avalanche path. The first row gives the real values, the second row
shows the classification classes according to Table 5.7 in parentheses. The
total extent of the PRA is 91800 m2.

mean mean std max dist plan prf max prf
aspect slope slope slope ridge curv curv curv shape

218◦ 44◦ 8◦ 60◦ 0 m -0.35 0.21 2.26 2
(3) (1) (3) (1) (1) (1) (1) (2) (2)

The similarity matching procedure found four similar PRAs in the database
of Davos for size class 4, one of them only with one historical avalanche. There-
fore, the Gumbel analysis of the data of the past avalanches’ release areas was
performed only for the other three PRAs (see Figures 7.16, 7.17 and 7.18).
From the critical analysis of these plots, it was decided to take the worst case
for the definition of the mean value A of the release area distributions for the
MC simulations of 30 and 300yr avalanches. The plot in Figure 7.16 again sug-
gests to taking the total extent of the PRA as release area for a 300yr avalanche.
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Figure 7.16: Guttannen: Gumbel statistic for the release areas of historical
avalanche events within the first of the four similar PRAs. The red circles
highlight the values of the release area for T = 30 and 300 years, respectively.
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Figure 7.17: Guttannen: Gumbel statistic for the release areas of historical
avalanche events within the second of the four similar PRAs. The red circles
highlight the values of the release area for T = 30 and 300 years, respectively.
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Figure 7.18: Guttannen: Gumbel statistic for the release areas of historical
avalanche events within the third of the four similar PRAs. The red circles
highlight the values of the release area for T = 30 and 300 years, respectively.
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The value for T = 50 years looks like an outlier, but it indeed exists and in this
case it was not possible to ignore it. Instead, for a 30yr avalanche, Figure 7.18
suggested to use a release area equal to 45% of the total PRA.

Figures 7.19, 7.20 and 7.21 present the results of the MC simulations. As ex-
pected the 30yr avalanches stopped along the path before the 300yr avalanches
(Fig. 7.21). The mean value for the runout distances of the 30yr avalanches is
placed at an altitude of 1077 m a.s.l, corresponding to an avalanche length of
3005 m, while for the 300yr avalanches is at an altitude of 1055 m a.s.l., 185
m further down along the profile. In Figure 7.20 the position where the 300yr
avalanches have a pressure of 30 kPa (red/blue limit) is shown. The combina-
tion of the results of the two MC simulations indicated that the results of the
simulation of the 300yr avalanches had to be used to define the hazard zones.
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Figure 7.19: Guttannen: runout distances resulting from the MC simulation
for avalanches with T = 30 years. Topographic base map reproduced by
permission of swisstopo (BA046644).

Figure 7.22 shows the avalanche hazard situation for the considered path
together with the official avalanche hazard map. Applying the same consider-
ations as for the Brämabüel case, the red/blue limit would be placed exactly
at the same position as the official one, but the blue limit extended about 65
m from the official one. The runout zone below 1060 m is a very flat area
(inclination of 4-5◦) where the small-scale topography has a strong influence on
the avalanche motion. The profile for the simulation was not defined in such a
detailed way, therefore the topography was little smoothed.

Figure 7.23 shows the deposition of the avalanche that occurred along the
considered avalanche path at Guttannen in February 1999. This picture illus-
trates well how in such a flat zone the small-scale topography can influence the
avalanche motion.
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Figure 7.20: Guttannen: runout distances and red/blue limit resulting from
the MC simulation for avalanches with T = 300 years. Furthermore, the
outline of the avalanche that occurred in February ’99 is shown. Topographic
base map reproduced by permission of swisstopo (BA046644).
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Figure 7.21: Guttannen: distribution of the runout distances resulting from
the MC simulations for avalanches with T = 30 and 300 years. The avalanche
length is calculated from the beginning of the avalanche profile.
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Figure 7.22: Guttannen: official AHM (2001) and proposed definition of the
hazard zones followingr the MC simulations. Furthermore, the outline of the
avalanche of February 1999 is shown. Topographic base map reproduced by
permission of swisstopo (BA046644).

Figure 7.23: Guttannen: deposition of an avalanche in February 1999. It is
interesting to observe how the avalanche followed different directions in the
runout zone, probably due to the interaction of the avalanche flow with the
small-scale topography. Source: SLF archive.
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Another important factor that has to be taken into account in drawing the
final detailed hazard map is the presence of houses in the runout zone. In fact,
a house might be protected by the presence of another house placed before it
along the main avalanche track.

Another point that has to be considered for the path under study is that
avalanches that release from the corresponding PRA might split at an alti-
tude of about 2000 m a.s.l. between the modelled path and the one with a
more southern direction. In this case, the mass along the modelled path would
decrease and the resulting runout distance be shorter.

The results of the MC simulation, together with all the aforementioned
considerations, might be used by the commune of Guttannen to estimate the
uncertainties related to the definition of the hazard limits. The knowledge of
the uncertainties is helpful for example in extreme situations when an evacu-
ation plan has to be applied. In this case, the commune of Guttannen might
decide to extend the evacuation plan in place for the blue zone to the houses
in the yellow zone (usually the area endangered by powder avalanches) below
the road, because the MC simulation showed that in practice the blue zone
might extended that far. The MC simulation results might also be taken as
an indication that the blue zone should be extended to include the first row of
houses below the road. Furthermore, Figure 7.23 shows that avalanches can go
further down the road; if the avalanche of February 1999 had taken a direction
a bit more to the North-West it could have reached the village. But, of course,
more detailed investigations would be necessary since this example can only be
used to explain the application of the MC method.

Finally, considering the presence of the road and of the possible splitting
point along the path, the proposed blue limit was defined by the mean value +
1std and the red/blue limit was defined by the mean value + 2std. However,
the goal of this procedure was not to propose a final hazard map for a village
where it already exists, but to suggest a method to quantify the uncertainties in
defining hazard limits. With this technical instrument available, the commune
should take into consideration all the different aspects related to the hazard
mapping problem, including social and political ones, to draw the consequent
land use plan.
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7.3.3 Case study 3: Niesen

Niesen is a mountain close to the Lake Thun (Canton Bern) that has the general
shape of a pyramid with many steep slopes facing in different directions. The
chosen avalanche path for this example is the one along the North-Western slope
from an altitude of around 2700 m a.s.l. down to the upper part of the village of
Oberdorf at an altitude of 680 m a.s.l.; it has a channelled section between 1400
and 1000 m a.s.l.. A peculiarity of this avalanche path is the presence of the
forest within the runout zone (see Figure 7.24). The PRA definition procedure
was applied to the considered area resulting in the PRA shown in Figure 7.24;
the total extent of the PRA is 99600 m2 (PRA size class 4).

0 700 1400 2100 2800 3500 Meters

PRA
Avalanche profile

N

EW

S

Figure 7.24: Map of the Niesen avalanche path. The corresponding potential
release area is also shown. Topographic base map reproduced by permission
of swisstopo (BA046644).

In this example, as for Guttannen, the aim was to predict the distribu-
tion of the output parameters relevant for avalanche hazard mapping, namely
runout distance and pressure for avalanches with a return period of 30 and 300
years, respectively. The distributions of the model input parameters for the
MC simulation were determined using the same procedure as for the previous
case.

For the friction coefficients, normal distributions were defined with mean
values chosen following the recommendations given by the Swiss Guidelines
[SLF, 1999b] and standard deviations equal to 15% of the mean values. The
presence of the forest between 960 and 760 m a.s.l. has to be taken into account
in the choice of the friction parameters. They were chosen following the sug-
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gestions given by Lorenzato [2001], who analyzed the interaction of avalanches
with forest, using the FL-1D model. In the case of the considered avalanche
track and for a return period of 30 and 300 years, the mean values and the
standard deviations of µ and ξ are shown in Table 7.9 and 7.10.

Table 7.9: µ and ξ values for 30yr avalanches along the avalanche track of
Niesen. The reference avalanche volume to determine the friction coefficients
was 72708 m3.

altitude (m a.s.l.) µ std µ ξ std ξ

above 1500 (unchannelled): 0.17 0.025 1990 298
1500 - 1000 (unchannelled): 0.19 0.028 1740 261

1500 - 1000 (channelled): 0.26 0.039 1490 223
below 1000 (forest, unchannelled): 0.22 0.033 600 90

below 1000 (unchannelled): 0.21 0.031 1500 225

Table 7.10: µ and ξ values for 300yr avalanches along the avalanche track of
Niesen. The reference avalanche volume to determine the friction coefficients
was 101592 m3.

altitude (m a.s.l.) µ std µ ξ std ξ

above 1500 (unchannelled): 0.16 0.024 2490 373
1500 - 1000 (unchannelled): 0.18 0.027 1990 298

1500 - 1000 (channelled): 0.25 0.037 1490 223
below 1000 (forest, unchannelled): 0.22 0.033 600 90

below 1000 (unchannelled): 0.20 0.030 1740 261

For the fracture depth, normal distributions centered on mean values sug-
gested by the Swiss Guidelines [SLF, 1999b; Salm et al., 1990] and standard
deviations equal to 15% of these values were used. For 30yr avalanches the
mean fracture depth fd was 0.73 m and for 300yr avalanches it was 1.02 m.

For the release area, the similarity matching procedure combined with Gum-
bel analysis was applied. First, the characterization procedure was applied to
the considered PRA resulting in the characterizing topographic features shown
in Table 7.11.

Table 7.11: Characterizing topographical parameters for the PRA of the
Niesen avalanche path. The first row gives the real values, the second row
shows the classification classes according to Table 5.7 in parentheses. The
total extent of the PRA is 99600 m2.

mean mean std max dist plan prf max prf
aspect slope slope slope ridge curv curv curv shape

306◦ 37◦ 4◦ 50◦ 50 m -0.40 0.03 1.23 3
(2) (2) (2) (2) (1) (1) (2) (3) (3)

The similarity matching procedure found five similar PRAs in the database
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of Davos, but in one of them only two historical avalanches released and in
another one no avalanches were recorded. Therefore, the Gumbel analysis of
the data of the past avalanches’ release areas was carried out only for the other
three PRAs (see Figures 7.25, 7.26 and 7.27).
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Figure 7.25: Niesen: Gumbel statistic for the release areas of historical aval-
anche events within the first of the five similar PRAs. The red circles highlight
the values of the release area for T = 30 and 300 years, respectively.
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Figure 7.26: Niesen: Gumbel statistic for the release areas of historical aval-
anche events within the second of the five similar PRAs. The red circles
highlight the values of the release area for T = 30 and 300 years, respectively.
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Figure 7.27: Niesen: Gumbel statistic for the release areas of historical aval-
anche events within the third of the five similar PRAs. The red circles high-
light the values of the release area for T = 30 and 300 years, respectively.
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From the critical analysis of these plots, it was decided to take the worst
case for the definition of the mean value A of the release area distributions for
the MC simulations of 30 and 300yr avalanches. In this example, all the plots
suggested a mean value A for the release area of a 300yr avalanche which was
less than the total extent of the PRA. The worst case is given by Figure 7.26
with a value A of 85% of the total PRA. For a 30yr avalanche, Figure 7.27
suggested using a mean release area A equal to the 40% of the total PRA.

#

#

#

#
#

#

#

#

#

#

#

#

#

#

#

#

##

#
#
#

#

#

#

#
#

#

#

#

#

#

###

#

#

#

#
#

#

#

#

#

#

#

#

#

#

#
#

#

#

#

#

#

#

#
#

#

#

#

##

#

#
#

#
#

#

#

#

#
#

#

##
#
#

#

#
#

#

#

#

#

#

#

#
#

#

#

##

#

##

#
#

#
#

#
#
#
##

#

##

#

#

#
#
#
#

#

#

#

#

#

#
#

#
#

#
#

#

#
#
#
#

#

#
#
#

#

#

##

#

#

#

#

#

#

#

#

#

#

#

##

#

#

#

#

#

#

#

#

#

#

#
#

##

#

#

#

#

#

###

##

#

#
#

##

#

#

#
#

#

#
#

#

#

#

#
#

##

#

#

#

#

#

#

#

#

#

#

##

##

#

#

#

#

#
#

#
#

#

##
##
#
#

##

#

#

#

#

#

#

#

#

##
#
#

#

#

#

#

#
#

#
#

#

#

#

#

#

#

#
#
#
#
#

#

#
#
#
#

#
#
#
#

###
#

#
#
#

##

#
#

#
#

#

#

##

#

##

#

#

#

#

#

#
#

#

#

#

#

#

#

#

#
##
#

#

##

#

#

###

#

#
#

##

#

#

#

#

#

#

#

#

#

##

##
#

#

#

#

#

#

#
#

#
#

#

#
#

#

#

#

#

#

#

#

#

#
#

#

#

#

#

###
#

#

#

#
##

#

#

#

#

#

#

##
#

#

#

#

#

#

#

#

#

#

#
#

##
#

#

#

#

#
#

##
#

#

#

#

#
#

#

#

#

#
#

#

#

#

#

#

#

#

##
#

#
#

#

#

#

#

#
#

#

#

#

#

#

##

#

#

#

#

#

#

#

#
#

#

##

##

#

#

#

#

#

##

#

#

#

#

#

#
#

#

#

#

#

#

#

#
#

#
#

#

#

#

#

#

#
#

##

#

#
##

#

#
#

#

#

#

#

#

#
#

#

#

#
##

#

#

%[
&V

&V

$T

$T

0 200 400 600 800 1000 Meters

Avalanche profile
# MC runout distances (T=30)

Runout distance (T=30)
%[ mean
&V + 1std
&V - 1std
$T + 2std
$T - 2std

N

EW

S

mean
+ 1std

+ 2std

Figure 7.28: Niesen: runout distances resulting from the MC simulation for
avalanches with T = 30 years. Topographic base map reproduced by permis-
sion of swisstopo (BA046644).

Figures 7.28, 7.29 and 7.30 present the results of the MC simulations. As ex-
pected, the 30yr avalanches stopped along the path before the 300yr avalanches
(Fig. 7.30). The mean value for the runout distances of 30yr avalanches is placed
at an altitude of 791 m a.s.l, corresponding to an avalanche length of 2700 m,
while for 300yr avalanches is at an altitude of 765 m a.s.l., 135 m further down
the slope. Figure 7.29 also depicts the position where the 300yr avalanches have
a pressure of 30 kPa (red/blue limit). The combination of the results of the
two MC simulations revealed that the blue limit has to be defined by the MC
simulation for the 300yr avalanches and the red/blue limit has to be defined by
the MC simulation for the 30yr avalanches. Recall that the red/blue limit is
defined either by the position where the 300yr avalanche have a pressure of 30
kPa or by the runout distance of the 30yr avalanches (see Section 2.4). In this
case, the mean position where the 300yr avalanches have a pressure of 30 kPa
is before the mean runout distance of the 30yr avalanches.

Figure 7.31 shows the derived avalanche hazard for the path together with
the official avalanche hazard map. The initial idea of defining the hazard limit
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Figure 7.29: Niesen: runout distances and red/blue limit resulting from the
MC simulation for avalanches with T = 30 years. Topographic base map
reproduced by permission of swisstopo (BA046644).
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Figure 7.30: Niesen: distribution of the runout distances resulting from the
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by the mean value + 2std would place the red/blue limit 100 m further downs-
lope from the official one, at an altitude of 757 m a.s.l., and the blue limit 50 m
further downslope the official one, at an altitude of 731 m a.s.l. In terms of alti-
tude, the blue limit of the MC simulation is placed at the same altitude as the
official blue limit. In fact, the official blue zone extends in a diagonal way with
respect to the slope, being longer on the eastern part of the runout zone. Con-
sidering a profile a bit more to the East of the modelled one, the results would
probably match the official blue limit quite well. The downslope shift for both
the limits might be due to the presence of the forest in the runout zone, that
has a retarding effect. Though this was included in the model, uncertainties
are still present in the choice of the correct friction coefficients for avalanches
interacting with forest. In conclusion, the results of the MC simulations are
useful, for example, to state that the area above Lochmatte at altitudes around
730-40 m a.s.l. is a critical area not completely safe of avalanches and that the
red/blue limit incorporates large uncertainties. As for Guttannen, the commu-
nity of the village of Oberdorf might use these results to elaborate a better land
use plan and avalanche security program.
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Figure 7.31: Niesen: official AHM (2001) and proposed definition of the haz-
ard zones following the MC simulations. Topographic base map reproduced
by permission of swisstopo (BA046644).
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7.4 Discussion

The goal of the proposed procedure was to create a useful method to assess
the avalanche hazard in areas where no data about past avalanche events are
available.

The combination of the PRA definition and characterization procedures
with the similarity matching procedure turned out to be useful to determine
the possible avalanche activity for an undocumented avalanche path. An expert
who has to assess the avalanche danger in an undocumented path can combine
this well-defined approach (that relies on a database of similar well-documented
release areas) and their personal experience in order to produce a comprehensive
overview of the avalanche hazard level.

In order to yield more accurate results, the similarity matching procedure
will have to be tested with more PRAs. The release area distributions generated
by the proposed similarity matching procedure and the release area distributions
derived from the historical avalanche events will have to be compared and a clear
measure of their similarity has to be given. In case of the six PRAs considered
here to compare the two release area distributions, no perfect similarity was
found and on many occasions only a few PRAs were available for comparison.
One of the reasons might be that, as stated at the beginning of this thesis,
avalanche activity is a combination of many factors, terrain characteristics being
only one of them. Here, the snowpack characteristics and the meteorological
conditions are not considered, but they might have a relevant influence on
the determination of avalanche activity. However, even if no perfect similarity
exists in the case of the six considered PRAs, the results of the MC simulations
performed with the two different distributions showed a great deal of agreement
in the runout distances. If, with a higher number of avalanche paths, the
simulated avalanches matched the historical avalanches, the procedure might
be used to simulate possible avalanches along undocumented avalanche paths
with a good degree of accuracy.

In the examples described in this chapter, the similarity matching procedure
found PRAs similar to the PRA at hand that do not in fact have, between them,
similar avalanche activities. In this case, the expert has to evaluate which of the
PRAs is taken as reference for the determination of the release area distribution
for the PRA at hand. In the cases of Alteingrat and Niesen, the similar PRAs
where no or only few avalanches released in the past are found in the middle part
of a slope. Therefore, it is likely that they are often crossed by avalanches from
above, which disturb the snowpack at the position of these PRAs. Because of
this, there is seldom the possibility of releasing avalanches. This fact suggests
including, in the future, also the elevation of the PRAs or a measure of the
PRAs’ position with respect to the beginning of the slope as a characterizing
parameter.

The proposal of using the similarity matching procedure combined with
Gumbel analysis of the release area data in avalanche hazard mapping is a new
idea, which might be very useful to evaluate the extent of the release area for
avalanches with a specific return period. In the case of undocumented paths,
this input for avalanche models can be estimated on the basis of the Gumbel
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statistic of the similar PRAs in the database. Therefore, it is necessary to
generate the Gumbel statistic for all PRAs and create a corresponding database.
In this case, after the similarity matching procedure, the Gumbel statistic of
the most similar PRAs in the database can be directly used to estimate the
release area distribution for the newly considered PRA.

In the case studies described, the strategy of using the worst case from
the Gumbel analysis was adopted. This is the main suggestion for using this
procedure, but the exploration of a larger number of Gumbel analyses might find
and provide a more specific rule. The problem of the estimation of the extent of
the release area for 300yr avalanches is considered to be less important, because
the experts tend, being correctly on the safe side, to use the total area of the
PRA to simulate extreme avalanches. But for 30yr avalanches, the analysis
of all the Gumbel statistic for the PRAs in the database might provide more
information about which proportion of the total PRA should be used as input
for the release area of these avalanches.

The application of the MC simulation for avalanches with return periods of
30 and 300 years, respectively, will allow the elaboration of hazard maps which
include uncertainties, as well as for avalanche paths where records of past aval-
anche events do not exist. In general, the quantification of these uncertainties
is useful in cases where, for example, houses belong to the blue zone, but are
only 5 meters away from the limit to the red zone. If the uncertainties in the
definition of this limit are high, for example if the standard deviation is equal
to 30 meters, it is important to evaluate the zoning and probably include these
houses in a specific security plan.

The result of the MC simulation for frequent avalanches might be used
to improve risk assessment for areas endangered by avalanches. Risk analysis
includes the probability of property being exposed to a particular phenomenon,
in this case avalanches. The output of the MC simulations can be converted into
probabilities that indicate how often a house might be reached by avalanches,
and used to create avalanche risk maps, together with all the other necessary
information involved in risk analysis.

In conclusion, the proposed procedure provides an alternative method to
perform avalanche simulations for the assessment of avalanche hazard in areas
where no historical avalanche data are available. With respect to the commonly
used procedure of making avalanche simulations, the expert might count on a
well-defined procedure to determine the extent of the release area for avalanches
with specific return periods, i.e. 30 and 300 years in the case of Switzerland,
and run MC simulations to generate several different hazard scenarios. All
these resulting scenarios should then be critically analyzed to define the final
avalanche hazard map.



Chapter 8

Conclusions and Outlook

8.1 Conclusions

The four main goals of this research were:

1. to define potential avalanche release areas on the basis of topographical
characteristics;

2. to find a possible relationship between topography and avalanche activity,
defined as release area extent and frequency;

3. to determine the extent of the release area for avalanches with specific
return periods;

4. to quantify the uncertainties present in the avalanche hazard mapping
procedure by a Monte Carlo technique.

Concerning the first goal, a GIS-based procedure was developed to define
potential avalanche release areas on the basis of several parameters, namely
slope angle, curvature, aspect and forest cover. This was the first attempt to
create a systematic procedure to improve the common definition of avalanche
release areas that is based generally only on the slope angle of the terrain.

The results have shown that the proposed procedure worked well in the
study area of Davos, where it was able to identify 79% of the release areas of past
avalanche events. It will be important to apply the proposed procedure to other
regions where historical avalanches have been recorded, in order to evaluate the
quality of the procedure for its general applicability. Further research could be
carried out to find whether inclusion of other terrain characteristics, e.g. surface
roughness, might improve the results. Previous to this approach, the delineation
of potential avalanche release areas was based only on the personal experience
of avalanche experts. Therefore, the GIS tool developed here provides a more
objective and repeatable tool for the definition of potential avalanche release
areas.

To achieve the second goal, different statistical analyses have been per-
formed. However, they gave results that do not support the initial hypothesis

126
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of the existence of a significant statistical relationship between avalanche acti-
vity and topography.

In particular, linear regression models have not been found appropriate to
predict the avalanche activity of a potential release area from its topographical
characteristics. Within the cluster analysis, good examples of PRAs similar
both in terms of topographical attributes and of avalanche activity were found,
but no general and precise statistical rules could be derived to relate different
avalanche activities to different types of terrain characteristics.

An important achievement of the statistical analysis are the results of the
CART method, which gave information about which topographical variables
most influence avalanche activity. These were found to be: standard deviation
of slope, distance to ridge, plan and profile curvature. Future research should
focus on these topographical parameters to be more complete in the analysis
of the avalanche activity with respect to terrain characteristics. In order to
confirm the findings of the present study, it will be important to apply this
methodology in other regions where good avalanche databases are available.

In summary, the results of the statistical analysis do not fully support the
hypothesis of a relationship between avalanche activity and topographical cha-
racteristics. The principal reason might be that the quality of the data is not
good enough to arrive at a robust conclusion, which states that there exists, or
not, a relationship between topography and avalanche activity. Another possi-
bility might be that other variables can be adopted to describe the avalanche
activity, now described by numava and skew, and perform statistical analysis;
or even a different definition of avalanche activity can be used, for example
frequency together with release area of the largest event.

The third goal was to create a method to determine the extent of the
release area for avalanches with specific return periods. For avalanche paths
where historical data exist, the Gumbel statistic on the release area of these
past avalanche events can be used to find a relationship between the extent
of the release area and the return period. This relationship helps avalanche
experts to choose the value of the release area for the simulations of avalanches
with return periods of 30 and 300 years, which are the relevant return periods
for the avalanche hazard mapping procedure in Switzerland.

But more important is the proposed procedure to derive the extent of the
release area of avalanches of specific return periods for avalanche sites, where
no or only few historical data are available. The combination of the similarity
matching procedure with the Gumbel statistic provides a good tool to achieve
this task. Where the lack of data does not give the experts information about
the release area, the proposed procedure does, relying on release area infor-
mation from similar well-documented PRAs. This is a relevant achievement
because it provides a scientific procedure for a task that until now has been
achieved only by the personal and subjective evaluations of avalanche experts.

The fourth goal of this thesis, the determination of uncertainties in aval-
anche hazard maps by the Monte Carlo approach, is an improvement to a
similar procedure described in Barbolini [1999], because here distributions de-
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rived from real historical data have been used as inputs for the release area.
The usefulness of the Monte Carlo procedure lies in the fact that it gives an
overview of the avalanche hazard situation in terms of probability. Therefore,
it gives the expert the possibility to decide which degree of security to take for
the delineation of the avalanche hazard zones.

The result of the MC simulation for frequent avalanches might be used to
improve the risk assessment for areas endangered by avalanches. Risk analysis
includes the probability of property being exposed to a potentially hazardous
process, in this case avalanches. The output of the MC simulations can be
converted into probabilities, that indicate how often a house or a road may be
reached by avalanches, and used to create avalanche risk maps, together with
all the other necessary information involved in risk analysis.

In summary, an important feature of the proposed procedure is that it is
composed of well defined modules which might also be applied individually.
The procedure for the definition of potential release areas might be used alone
without being combined with the Monte Carlo simulations or the MC simula-
tions might be applied for avalanche paths where the release area was defined
on the basis of historical data, terrain surveys and expert knowledge and not
with the automatic PRA definition procedure.

Moreover, this work made a step forward in research concerning avalanche
release area, above all, proposing a method to determine the release area of
avalanches of specific return periods which poses a real and practical problem
in avalanche hazard mapping.

The two case studies in the Bernese Oberland region described in Chapter 7
showed the usefulness of the complete procedure in other regions of Switzerland
for practical applications. They show that this methodology is able to determine
the extent of the release area to be used in MC simulations for the generation
of realistic avalanche hazard maps. The advantage of this methodology is that
the release area is more objectively defined and that additional information
about the uncertainties is available. Avalanche experts can decide the degree of
security to be adopted in defining the hazard zones. Taking the mean value +
3std for the definition of the hazard limits means having a degree of confidence
of 99%. In critical situations, such as when public buildings such as schools are
present in the avalanche runout zone, this might be advisable, while at other
times a lower degree of confidence might be sufficient.

8.2 Outlook

In the following section, possible future research developments are briefly sug-
gested:

• Concerning the definition of potential avalanche release areas, it will be
interesting to apply the methodology by Ghinoi [2003] to compare the
results of his procedure applied in the region of Davos with the PRAs
defined in the present study.
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• An important topic that will have to be addressed is the simultaneous re-
lease of several PRAs resulting in a large release area, which can produce
avalanches of very large dimensions. It is important to identify slopes
where multiple releases can happen and to estimate under what condi-
tions (topographical characteristics and nivo-meteorological conditions)
this phenomenon occurs.

• The topic of the influence of topographical characteristics on avalanche
activity is not closed. This study adds some more contributions and
suggests further research with statistical analysis performed on a very
well documented high quality database.

• A possible improvement to all the performed statistical analyses is thought
to be the inclusion of the position of the PRAs within a slope. This pa-
rameter would take into account the fact that PRAs placed in the middle
of a slope, below other PRAs, might have a lower frequency because their
snow cover is often disturbed by the passage of avalanches starting from
above. If this parameter is weighted properly, it is thought that the results
of the cluster analysis might change significantly.

• Together with the research about the influence of topographical charac-
teristics on avalanche activity, it is important to continue to study the re-
lationship between avalanche activity and nivo-meteorological conditions.
In the literature, many studies exist on this topic, for example Föhn et al.
[1977], Davis & Elder [1995], Hendrikx et al. [2004]. What is of interest is
the combination between topographical and nivo-meteorological charac-
teristics with respect to avalanche activity.

• This work proposed an approach to define the release area distribution on
the basis of real historical data which is used as input to the Monte Carlo
procedure. A further step will be to derive distributions based on real data
for the other model input parameters, namely the friction coefficients and
the fracture depth.

From a practical point of view, the proposed procedure can reproduce histor-
ical avalanches and define hazard limits. However, possible future developments
in terms of applications are suggested as follows:

• The Monte Carlo procedure might be applied to more avalanche paths,
where avalanche hazard maps already exist, to evaluate the uncertainty
with which they have been defined.

• The same procedure might be carried out but using the two-dimensional
version of FL-1D [Gruber, 1998]. Due to the modular structure of the
complete procedure, it would also be possible to use other models of aval-
anche dynamics for the Monte Carlo simulations.

• The complete procedure, from the PRA definition to the Monte Carlo
simulations, is already implemented in ArcInfo, but it is still a research
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model. To be able to distribute it among practitioners, it is necessary
to create a user-friendly program which includes all the different steps as
separate modules. Each single step might be performed sequentially to
reproduce the complete procedure or individually according to the current
need. The goal is to provide to avalanche experts an easy-to-use program
that produces well interpretable results.
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raumwirksamen Tätigkeiten. Technical report, Eidgenössisches Drucksachen-
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