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ABSTRACT. Avalanche risk is considered as the probability of an avalanche event
that could cause certain losses. A unified approach for avalanche-risk evaluation by statis-
tical simulation is suggested. A chain of models, describing snow deposition, transforma-
tion, stability, avalanche dynamics and interaction with an obstacle, is used within such an
approach. Each of the models evaluates a given situation in a deterministic manner, yield-
ing a unique result value. Output data of each model can be the input for the next model in
the chain. Uncertainty of input data is described in a probabilistic manner. Using the
chain of the deterministic models and simulating the input data according to appropriate
probability distributions with the Monte Carlo method, risk evaluations are obtained as
the ratio of a number of certain types of outcome to the total number of tests. All kinds of
information on weather, snow and avalanches can be used within this scheme. The simu-
lation process can be started at any stage of the modelling. In this study it was started from
the snow-cover stability simulation. Application of the statistical simulation in such a way
gives an opportunity to reflect uncertainty of the initial data in the results obtained. The
suggested scheme was used for producing a computer-assisted workplace for avalanche
forecasting, “LAVINA”, which has been exploited at the Centre of Avalanche Safety of
“Apatit”, Kirovsk, Russia, since the early 1990s. It is an integrated system that permits
spatial and temporal estimations of snow stability and avalanche dynamics to be made.
Assessments of the validity of the risk estimation made with LAVINA are presented.

INTRODUCTION

What is interesting for customers for avalanche warnings?
Of course, they want to know whether avalanches may
cause damage to life, health, property and business. To
answer this question an avalanche forecaster should answer
at least three additional questions: (a) How stable is the
snow cover? (b) What dynamical parameters will the possi-
ble avalanche have? (c¢) How will it interact with the object?
In spite of the existence of models to answer these questions,
for many reasons none of them can do so precisely at pres-
ent. In general, the reasons can be divided into two groups.
The first is uncertainty or lack of knowledge concerning
specific factors, parameters or models (measurement errors,
uncertainty due to necessary simplification of real-world
processes, mis-specification of the model structure, model
misuse, etc). The second relates to the variability of the
parameters that control avalanching (temporal and spatial
variability of weather and snow parameters, etc.). In addi-
tion, it is very difficult to combine the results obtained with
models addressing questions a—c above, since, when they
were derived they were not considered as links in a common
chain. A minimum requirement in this situation is know-
ledge of the risk (probabilities or chances), P(Y}), of the pos-
sible losses, Y;. There are mathematical methods for
rationalizing the customers’ behaviour in conditions of un-
certainty (Schlaifer, 1969), but they have to be supplied with
information on avalanching itself. Avalanche science should
provide methods of determining avalanche parameter prob-
abilities. It is suggested that statistical simulation or the
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Monte Carlo method may be used for this. A common
scheme for avalanche-risk estimation with statistical simula-
tion is presented in Figure 1. Of course, this scheme could be
started from calculation of the parameters that control snow
deposition and transformation and snow-cover evolution, as
with the SAFRAN/Crocus/ MEPRA integrated model
(Brun and others, 1989; Durand and others, 1993; Giraud,
1993). But due to computational difficulties with its stochastic
realization, this variant is not considered here.

SIMULATION OF SNOW INSTABILITY

There are several models for the snow-cover instability
simulation using the Monte Carlo method (Bozhinskiy and
Chernouss, 1986; Chernouss and Fedorenko, 1998). They differ
in their methods for simulating the spatial distribution of the
snow cover and determining snow-cover instability. For one-
dimensional cases these distributions are usually simulated as
multivariate random vectors, but for two-dimensional cases
as random fields on the basis of their spectral representations.
In this study the former was chosen for simulation. Snow-
thickness (h), density (p) and shear strength (c) distribu-
tions along the slope profile, or, more correctly, their values
at k equidistant points of the profile, were simulated as k-
dimensional normal vectors &y, &, &.. Previous studies
(Chernouss and Khristoev, 1986; Chernouss, 1995) showed
that these distributions are very close to normal. Vectors of
mathematical expectation m and covariance matrix R
determine such distributions entirely. The vectors & are
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Iug. 1. A common schema for avalanche-risk estimation with
statistical simulation. Ny, total number of realizations gen-
erated by the Monte Carlo method; N, , number of avalanche
situations; No(Y;), number of avalanche situations with
losses Yi. “One-dimensional spatial distributions of the

snow-cover parameters were simulated in this study.

obtained by linear transformation of a normal vector 5
whose components are random normal values with mathe-
matical expectation equal to zero and variance equal to one:

E=An+m. (1)

The coefficients of the triangular transformation matrix A;;
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are determined on the basis of the covariance coefficients I2;;
using a recurrent formula (Yermakov and Mikhailov, 1982).

-1
Rij = 3. AirAj
h=1 ,

0
Y ApAy=0;1<j<i<k.
k=1
For the case with a constant mathematical expectation m
and variance 02, the distances between points of the simu-
lation i and j, I;, and a spatial autocorrelation function r(l)
determine the covariance coefficients entirely:

Rij = O'QT(lij) . (3)

Thus, it is enough to have mathematical expectations, vari-
ances and autocorrelation functions of the parameters men-
tioned above to produce their realizations along the profile
by the Monte Carlo method. The variances and autocorrela-
tion functions obtained for snowstorm snow in the Khibiny
mountains (Chernouss and Khristoev, 1986; Chernouss,
1995) were used for the simulation. Mean values of the snow
thickness obtained by remote snow surveying in avalanche
starting zones, and shear strength and density obtained by
measurements close to these zones, are used now as estima-
tions of mathematical expectations m.

A simple deterministic method suggested by Bozhinskiy
and Losev (1987) is used to determine the snow-cover instability
where the snow cover on the mountain slope is considered as a
thin elastic shell which can slip on the underlying surface.
The condition of tensile stress exceeding tensile strength is
an avalanche formation criterion. According to the model,
this stress appears after slipping of the snow cover on the
underlying surface. For calculations, the profile of the slope
is divided into k equal segments. Slab thickness, density and
shear strength are randomly generated by Equation (1) for
each segment k. For each segment k, critical snow thickness
hi* 1s calculated with an approximate formula:

hi* = ci/[prg(sin oy, — f cos ay)], (4)

where ay, is the inclination of segment k, f is the dry-friction
coefficient and ¢y, is the shear strength in segment k. For each
segment, snow thickness hy is compared to hi*. Zones in the
profile where snow thickness is greater than critical and where
the slipping on the underlying surface takes place are selected.
The snow mass, M, in the selected zones is calculated and
compared to a critical mass, M*, for each zone. The snow is
considered to be in unstable condition in the zones where snow
masses are greater than critical. In this simplification M is
considered as an analog of tensile stress, and M™ as an analog
of tensile strength. In accordance with Bozhinskiy (1980), the
friction coefficient f and the critical mass M* are effective con-
stants which are determined by back calculations from data
(in the starting zone) on avalanche releases.

Having arrived at a substantial number of realizations by
the Monte Carlo method, evaluations of two kinds of prob-
abilities P* and P, can be calculated as the ratios of a definite
kind of outcome to the total number of realizations. P! is
probability of avalanche release or that at least one unstable
zone (M > M*) is formed in the slope of the given profile. P,
is the probability that the snow cover in the segment k is in a
zone of the initial displacement (zone where M > M*). The
probability P is calculated for separate profiles in the
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Ing. 2. Schema for determining avalanche speed and runout
distance.

avalanche starting zone and interpolated between them for
visualization of avalanche release zones of different probability
on the map. Errors of the interpolation were not considered.

SIMULATION OF AVALANCHE DYNAMICS

For the simulation of avalanche dynamics a simple determin-
istic method was chosen where the avalanche is considered as
a material point moving with dry friction. This method was
approved by the Russian government for use by the construc-
tion industry (Zalikhanov and others, 1980). It permits calcu-
lation of avalanche speeds and run-out distances. Avalanche
speed (V) at some point B on its path is determined as:

VB =292 (5)
H
Z=hy— "y, (©)

where g = OD and hg = DB. The symbols used are
explained in Figure 2, where O is the highest avalanche start-
ing point and A is the end-point of avalanche depositions.
Thus, avalanche speeds and run-out distances for a chosen
profile are determined by the starting-point position and the
angle ¢ (tan ¢ 1s a friction coefficient). For the avalanche-risk
simulation the point O is determined as the highest point of
the M zone for each realization which results in an “unstable”
snow-cover condition, and tan ¢ is simulated using its prob-
abilistic distribution, obtained from the data on avalanche
run-out distances. The empirical probability density function
calculated from data of 159 avalanche releases in 10 Khibinian
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Ivg. 3. Frequency distribution and probability density for
In(tan ).
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Table 1. Correlation between impact pressure and potential
damage ( McClung and Schaerer, 1993)

Impact pressure Potential damage
kPa
1 Break windows
5 Push in doors
30 Destroy wood-frame structures
100 Uproot mature spruce
1000 Move reinforced-concrete structures

avalanche sites is shown in Figure 3. Since the probability den-
sity for tan ¢ is far from normal, it was transformed into
In(tan ¢), which has a distribution close to normal. There is
no reason to reject the hypothesis of normality at the signifi-
cance level a = 0.05. According to the Monte Carlo pro-
cedure, the values of In(tan ¢) are randomly extracted from
the curve of Figure 3 and then transformed into tane.
Avalanche speeds V}, and impact pressures F}, are calculated
for each segment k of the profile for each realization. Prob-
abilities P,(V*) = P(V}, > V*) are calculated as the ratio of
outcomes where Vi, > V* to the total number of realizations,
and P (F*) = P(F), > F*) as the ratio of outcomes where
Fj, > F* to the total number of realizations. The probability
of the avalanche run-out distance X exceeding a given
co-ordinate X* is calculated as the ratio of outcomes where
X > X* to the total number of realizations. X is the co-
ordinate of the end-point of avalanche depositions. Note that
the dry-friction coefficients used in the model of snow-cover
stability (f) and in the model of avalanche dynamics (tan ¢
are different.

INTERACTION OF THE AVALANCHE WITH AN
OBSTACLE

When the avalanche risk is calculated there are two other
parameters that should generally be taken into account in a
probabilistic manner. They are exposure and vulnerability.
Usually, their simulation is a simpler problem than the simu-
lation of snow stability. Exposure depends on the object’s
coordinates, which can be a function of time. Vulnerability
depends on the object’s properties, which sometimes can
change in time, too. For example, correlations between impact
pressure and potential damage (Table 1), or relationships
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966 burials, 1968-1991, Switzerland
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1 2 3 4
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Fig. 4. Number of avalanche victims _found alive and dead by
burial depth ( Auger and Jamieson, 1997).
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STATISTIC SIMULATION

Math. expect. of snow density 280,

Snow density wvariance 400,

Marh. expect.of shear strength 3s.0

Shear strength variance .0

Math. expect.oT snow thickness 1.30

Snow thickness dispersion .16
ary friction coefficient .38
Crivical 1inear mass 4000
Avalanche site number 22
FRESS <EMTER> AFTER SELECTICN OF W

Fig. 5. An example of input data for snow-stability simulation.

between number of avalanche victims found alive and dead,
and burial depth (Fig. 4) could be used for these purposes.

LAVINA: AN INTEGRATED MODEL FOR
AVALANCHE-RISK EVALUATION

The scheme described above was partly realized in LAVINA,
a computer tool for assisting avalanche forecasters (Chernouss
and others, 1998). LAVINA is software that runs on IBM-
compatible computers. Besides statistical simulation for
snow slab stability assessment at 25 avalanche sites, it allows
evaluation of avalanche dynamics for these sites. In general,
interaction of an avalanche with an object and the asso-
ciated risk are evaluated numerically on the basis of impact
pressure calculations and information on the vulnerability of
the object (besides LAVINA software) or subjectively. But in
some cases the risk can be evaluated numerically, as, for
example, when a customer is interested only in whether a
fixed object will be struck by a possible avalanche (exposure
= 1, vulnerability = 1). In addition, it is possible to update the
meteorological database (every 3 hours), regional avalanche
diagnostics and forecasting with a Bayesian approach
(Zuzin, 1989), with linear and square discriminant analysis
and with a method of potential functions (a version of pattern
recognition methods; Chernouss and others, 1998). Informa-
tion for interpretation is standard meteorological data and

Start- 0. Analyse-V, Method-S, ESC

V=30,6m s F~4291m2 Avalanche catchment N- 43

Starting zone

Aspect ( E - SE

Typs : DE top/bottom : 800/475m
Altitude : 325 m

Length/wigth ; 500/690m
Stesphess © 32.5°

Constriction : 0,87

Area:34.1 ha

Profile - 04

v

L

—

Fig. 6. An example of output information on snow-cover stabi-
lity and dynamic characteristics of the expected avalanche.
Lanes of equal probability Py, (probability that the snow cover
in the segment k is in a zone of the initial displacement ( zone
where M > M* ) are shown in the top part of the avalanche
catchment.
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Table 2. Contingency table for subjective 3 h avalanche occur-
rence forecasts for each of eight separate avalanche sites

Observed situations

Avalanche Non-avalanche

41
Avalanche P, =0.263 3812
Forecast P* =0.011
situations 100256
Non-avalanche 115 P, =0963
P" =0.999

data on snow-cover parameters. LAVINA has a convenient
user interface and is simple for practical work. Some examples
of input and output information are given in Figures 5 and 6.

Application of statistical simulation to diagnose avalanche
occurrence was verified, but was not reliable enough. Accurate
data on snow-cover parameters obtained by snow-thickness
surveying and snow-pit measurements for separate starting
zones were used. For avalanche situations the measurements
of snow density and shear strength were carried out at the
crown surface after avalanche release. Discrimination of 20
situations (8 avalanche and 12 non-avalanche) on the basis of
highest probability resulted in one error, i.e. a non-avalanche
situation was recognized as an avalanche one.

Since an avalanche forecaster at the Centre of Avalanche
Safety is also a customer for the avalanche forecasts, or in
other words, works out avalanche warnings in a categorical
form, it is possible to estimate the validity of these warnings.
The avalanche forecaster at the Centre has no opportunity
to observe avalanche sites, and all warnings are made on the
basis of information on meteorological and snow measure-
ments obtained from field stations. At the same time he can
play out different forecast scenarios with all models included
in LAVINA. It is difficult to quantify the usefulness of
LAVINA itself (separately from the subjective intuition of
the forecaster) for avalanche-risk forecasting, but Tables 2
and 3 give some idea.

Symbols used in the tables are:

P x100% is the percentage of correct forecasts, when
forecasts coincide with observations.

“Post-agreement™ P, x100% 1is the percentage of cor-
rectly forecast avalanche situations; P, x100% is the per-
centage of correctly forecast non-avalanche situations (P,

Table 5. Contingency table for subjective 3 h avalanche danger
Jorecasts for each of eight separate avalanche sites, showing
whether an avalanche reaches objects in the run-out zone
(railroads, automobile roads, open pits)

Observed situations

Avalanche Non-avalanche
6 3491
Avalanche P, =025
Forecast P* =0.002
situations 100709
Non-avalanche 18 P, = 0966
P" =09998
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and P, are ratios of the number of situations when fore-
casts coincide with observations to the total number of
“avalanche” and “non-avalanche” situations, respectively).

“Prefigurance™ P?* x100% is the percentage of correct
“avalanche” forecasts; P™ x100% is the percentage of
correct “non-avalanche” forecasts (P* and P" are ratios
of the number of situations when forecasts coincide with
observations to the total number of “avalanche” and
“non-avalanche” forecasts, respectively).

@ = P, + P, — 1is Obukhov’s (1935) criterion for alter-
native forecasts. () varies from 0 for random, climatolo-
gical, inertial or other “blind” forecast models to 1 for an
ideal model and makes sense of the correlation coeffi-
cient between forecasts and observations. The higher
the value of @, the better the model.

The x? criterion is applied to evaluate differences
between the results obtained with the tested forecast
model and some “blind” model.

As can be seen fromTable 2, the quality of such forecasts
is very low. Only 1 in 100 “avalanche” forecasts is accurate.
Only 26% of avalanche situations are forecast correctly.
Q = 023 is low. But the x? test shows that with 0.9999 prob-
ability there is a significant difference between these fore-
casts and random ones. And above all, such forecasts are
real forecasts with a very high resolution in time and space
(separate avalanche sites and 3 h time intervals). The fore-
casts where, besides avalanche occurrence, the run-out dis-
tance is evaluated are more valuable for customers. InTable 3
the results of verification of such forecasts are presented. The
Q value of the forecasts is almost the same as for avalanche
occurrence prediction alone, but P?* is about five times
worse. The large difference between the validity of diagnos-
tics for special numerical experiments, when snow stability
was determined post factum (by back calculation with data
obtained in fracture line), and regular forecasts occurs for
two reasons. In the former case, one does not take into
account temporal factors and it is evident that regularly used
information is much poorer than the information in these
experiments. Part of the errors in categorical forecast formu-
lation (high misclassification of avalanche situations) can be
explained by incorrect selection of the threshold probabil-
ities. At present there are no guidelines on how to fix them,
and the forecasters proceed subjectively.

CONCLUDING REMARKS

The presently implemented model is very simple. There are
better deterministic models for snow stability and avalanche
dynamics as well as methods for statistical simulation of snow-
cover parameters. The main goal of this work is to demon-
strate the potential of such an approach for avalanche-risk
estimation. The use of two- or three-dimensional models of
snow-cover stability causes major computational difficulties,
and some studies should be carried out to determine their
adequacy. Development of the work is planned with more
advanced one- or two-dimensional dynamical avalanche
models of different types. Presently, a model of hydrological
type (Bozhinsky and others, 2001) is being implemented in
LAVINA, where the initial volume of snow entrained into
the motion and the coefficients of dry and turbulent friction
for the avalanche body are considered as random variables. It
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1s possible to integrate a special unit into the simulation pro-
cess to evaluate residual risk after the installation of protective
measures. One of the advantages of this approach is that it
reflects uncertainty connected with the uncertainty and
variability of avalanche processes by using a probabilistic
formulation of the results. The main obstacle for widespread
application of this model is lack of information on the spatial
and temporal variability of the snow-cover parameters for
different types of snow in different geographical conditions.
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