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ON THE PREDICTABILITY OF SNOW AVALANCHES

Jurg Schweizer*
WSL Institute for Snow and Avalanche Research SLF, Davos, Switzerland

ABSTRACT: Snow avalanches are generally rare and occasionally extreme events. In the general con-
text of prediction and predictably of extreme events, we will examine whether snow avalanches are pre-
dictable based on a few examples of forecasts at different scales. Clearly, avalanche predictability de-
pends on scale. When the regional avalanche danger is High or Very High (Extreme), an avalanche is
likely somewhere in the region. However, even at such high danger levels, the release probability in a
single avalanche path is well below 50% (typically on the order of 1-10%). This means that a single ava-
lanche is a rare event, which is not predictable even when higher danger levels prevail. At the lower dan-
ger levels — relevant for backcountry recreation — the release probability is significantly lower. The low
release probability does not mean that the risk is low. Even with low occurrence probability the risk might

be too high to be acceptable so that comprehensive preventive measures are required.
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1. INTRODUCTION

Snow avalanche are rare events and large
avalanches that cause damage or harm to people
can be called extreme events. Jentsch et al.
(2006) and Kantz et al. (2006) have described
extreme events that can occur in natural, technical
and societal environments. Based on their work,
some characteristics of extreme events in respect
to prediction and predictability are summarized
below. Extreme events in nature such as hurri-
canes are generated by systems with complex
dynamics. In the case of weather extremes the
system is the atmosphere (coupled with the ocean
etc.) and can in principle be described fully deter-
ministically. However, the system may have a
chaotic component, i.e. slight differences in the
initial conditions might lead after some time to
widely diverging outcomes. The system though is
not random, and extreme events are typically not
random events; it is not like throwing a dice.

Yet, the systems from which extreme
events generate are usually too complex for a
simple deterministic approach. A deterministic
prediction implies that the current state is perfectly
known, so that the future evolution can be calcu-
lated. However, as there are too many variables
that should be known to characterize the current
state, a deterministic prediction is usually not pos-
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sible due to the lack of knowledge. In addition, a
lack of knowledge about the underlying processes
may further hinder a deterministic process.

Hence, a stochastic approach seems more
suited and predictions of extreme events are usu-
ally probabilistic, i.e. an event of a given size is
expected with a given probability at some specific
time in the future. In other words, a probabilistic
forecast means that it is not possible to precisely
forecast the size, the location and the time of oc-
currence. Whereas less extreme and more fre-
quent events are often prevented by counter-
measures, it is too costly to try to mitigate extreme
events. The only option is usually forecasting and
based on it temporary protection measures such
as preventive evacuation are taken.

Predicting extreme events requires that
the underlying system has predictability. Predict-
ability is a quality of the system and means that
prediction is possible and holds on average
(Haggett, 1994). What is a true prediction is not
always easy to define: for example, if a rare event
is predicted for today, but happens tomorrow. Pre-
dictability is a matter of debate, for example, for
earthquakes (Main et al., 1999), and in general
requires some sort of a precursor, or observational
variable that announces the event. The lottery has
no predictability since the system is completely
random, whereas the next eclipse of the sun is
perfectly predictable — provided you are familiar
with astronomy and the movements of celestial
bodies (Kantz et al, 2006). There are several types
of predictions: interpolation, extrapolation etc.
Typically a prediction is made about the occur-
rence of an event in the future, usually this is
called a forecast.
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In the following, we will examine whether
snow avalanches are predictable based on a few
examples of forecasts at different scales. Predict-
ing avalanches is usually called avalanche fore-
casting which McClung (2000) defined as predict-
ing snowpack instability in space and time relative
to a given triggering level.

2. PREDICTION OF SNOW AVALANCHES

Snow avalanche prediction (forecasting
snowpack instability) can be made for various
scales (McClung and Schaerer, 2006). We will
focus on the regional scale (1000 kmz), the local
scale (100 km2) and the scale of an individual ava-
lanche path (1 km2). Typically, the prediction is
about the danger level, the avalanche activity (or
occurrence) and the probability of the single event
for these three scales, respectively. Here we do
not deal with scale issues related to the often
found mismatch between the scale of the forecast
and the scale of the underlying data (Hageli and
McClung, 2004).

Most natural snow avalanches occur due
to snow loading, i.e. during or shortly after a snow-
fall or blowing snow event. Hence, at all scales the
amount of new snow is considered as the key
parameter when predicting large natural ava-
lanches.

2.1 Regional scale

Figure 1 shows the new snow amount (3-d
sum of new snow depth: HN3d) in relation to the
danger level (5-degree European danger scale) for
a 10-year dataset of new snow depth measure-
ments from the Weissfluhjoch (Davos, Eastern
Swiss Alps) and verified regional daily danger
levels (Schweizer and Féhn, 1996). Whereas the
avalanche danger clearly increases with increas-
ing new snow depth, the spread at a given level is
large, and vice versa for a class of new snow
depth. Though, new snow depth is often used to
provide rough guidance on assessing instability
(Table 1) (e.g. Salm, 1982), the variation as shown
in Figure 1 does in general not allow forecasting
simply based on new snow depth. Obviously,
other so-called contributory factors have to be
considered, among those are wind, radia-
tion/temperature, and snow stratigraphy
(Schweizer et al., 2003).
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Figure 1: 3-day sum of new snow depth vs. veri-
fied regional danger level for Weissfluhjoch-Davos
region (1985-1986 to 1994-1995) (adapted from
Schweizer et al., 2003). Inset shows frequency of
danger levels for a 3d-sum of new snow depth of
about 100 cm.

On the other hand, for the case shown in
Figure 1, for a given class of new snow depth, say
100 cm (90 cm < HN3d < 110 cm), the danger
level is in fact usually best described as “High”
(Figure 5, inset). So, prediction is possible. The
new snow depth can be used as observable for
predicting the danger level. However, if the cases
with a 3-d sum of new snow depth of 20 cm
(15cm < HN3d <25 cm) would be considered,
there is no single danger level dominating, but the
levels of “Low”, “Moderate” and “Considerable”
have similar frequencies. Prediction is not possible
— yet we are not dealing with extreme events. In
fact, rare and extreme events usually are better
predictable than frequent events. The extreme
events may have a prominent precursor-like struc-
ture, whereas for the frequent events the signal-to-
noise ratio is often low which makes reliable pre-
dictions impossible (Kantz et al, 2006).

Of course, the new snow depth of 100 cm
as used in the above example is a threshold value
specific to this example. The threshold would be
higher for regions with heavy precipitation (more
maritime type of climate) and lower for regions
with rather continental snow climate. Similarly, in
backcountry forecasting the critical snow depth
that indicates “considerable” danger (10-50 cm,
depending on conditions) has been established as
threshold value by Munter (2003).
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Table 1: Assessing the danger of large natural avalanches: relation between new snow depth and

avalanche activity (after Salm, 1982).

Sum of new snow depth  Consequences for infrastructure

Occasionally, some isolated objects and exposed transportation lines

A few large avalanches to the valley bottom are possible, some objects

Several, large avalanches to the valley bottom have to be expected,

some objects and transportation lines, as well as exposed parts of resi-

<30cm Almost no danger
30 - 50 cm
might be endangered.
50 - 80 cm
and transportation lines might be endangered.
80-120 cm
dential areas are endangered.
>120 cm

Disastrous situation, even rarely or so far never observed avalanches to

the valley bottom are possible, highest danger for exposed residential
areas and transportation lines.

2.2 Local scale

If the forecasted danger level is “High” due
to a new snow depth of about 100 cm, several
large avalanches to the valley bottom may occur
according to the definition of the danger level
(Meister, 1995). What does that mean at the local
scale where, for example, a safety service is re-
sponsible for a transportation corridor? By far not
all potential avalanche paths in a given area (local
scale) will produce an avalanche. An analysis by
Schaer (1995) showed that even during major
avalanche cycles only a minority of the potential
starting zones did release. Even in February 1999,
when the avalanche danger was “Very high” in
many parts of the European Alps, only in about
half of the potential avalanche paths in the region
of Davos an avalanche did release, though in
some several times (SLF, 2000). In other words, it
is predictable that at a given danger level, say
“High”, some avalanches will occur — the local
safety service has to take action. However, the
location of these avalanches will be difficult to
forecast. Certainly, due to terrain characteristics
some avalanche paths will have a higher probabil-
ity to produce an avalanche than others. These
may serve as warning signals — or precursors.

Similarly, if the danger level just increased
to “Considerable”, chances are that at least one
human-triggered avalanche will be reported.

2.3 Scale of an individual path

If we proceed to the smallest scale con-
sidered here, an individual avalanche path, uncer-
tainty increases — and predictability decreases. As
can be seen from the examples above, it is not
uncommon that only about in 10% of the ava-
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lanche paths a release is recorded when the ava-
lanche danger is “High” or even “Very high”. The
probability of an avalanche event in a given ava-
lanche path is therefore in most cases lower than
10% — the individual event is not predictable.

Certainly, in some avalanche paths almost
all the time when “High” or “Very high” danger
prevails, an avalanche is observed — at least ac-
cording to our perception. However, if we analyse
the occurrence record for one of the most active
avalanche path in the region of Davos, the Salez-
ertobel path, for the last 50 years, it shows that the
return period for a large avalanche is about
2 years (Schweizer et al., 2008). Given the fre-
quency of the danger levels “High” and “Very
high”, about 1-2% of the days during winter time
(about 150 days), the probability for a release,
given a “High” or “Very high” danger level, is at
best about 0.15 to 0.3. So even in this very active
path the avalanche event is not predictable.

3. DISCUSSION

In summary, if we consider the three
scales, predictability decreases with decreasing
scale. Whereas, the avalanche danger at the re-
gional scale, as well as the occurrence of some
large natural avalanches at the local scale can be
predicted on average, the single event in a given
avalanche path is not predictable. This predictabil-
ity is only given for large or even extreme events.
Small events, those typically triggered by back-
country travellers, are even less predictable. For
the large events at least the location where ava-
lanches might occur is predictable. It is rare that
large avalanches release from unknown starting
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zones. For example, in February 1999 in the
Swiss Alps, the very large majority of the large
avalanches descended along well known ava-
lanche tracks and ran out in the run-out zones as
indicated in the danger maps. Based on this spa-
tial predictability it is possible at all to plan and
carry out avalanche protection works.

If, for example, the probability for an ava-
lanche to hit a road at even “High” or “Very high”
danger is relatively low, say 10-20% — which
means strictly speaking the event is unpredictable,
what does this mean for the local safety service.
Needs the road to be closed? If so, this would
mean that only in 1 out of 7 times the road is
reached by an avalanche when it is closed. With
this rather high number of false alarms the warn-
ing service might become unpopular soon. How-
ever, depending on the traffic volume and the ava-
lanche characteristics, the risk is in the order of
0.02 death per day of “High” or “Very high” danger
for a single avalanche path reaching the road
which is not negligible. From an economical point
of view protection measures are justified and the
cheapest option is usually a forecasting program
(temporary preventive closures) possibly com-
bined with explosive control (Wilhelm, 1999).

In fact, the proportion of events to non-
events for road closures is typically in the range of
2-10, depending on the terrain and the number of
avalanche paths that affect the road stretch that is
closed. The relatively high number of false alarms
is the direct consequence of the uncertainty, i.e.
the low predictability of an individual avalanche
event.

At the lower danger levels, the triggering
of an avalanche by a backcountry traveller is de-
scribed as “possible” in the definition of the danger
levels (Meister, 1995). For 10 years of Swiss ava-
lanche death statistics, McClung (2000) has
shown that the likelihood of death at a given dan-
ger level is proportional to about 0.86 for “Moder-
ate” and 1.98 for “Considerable” danger. These
values were calculated for the whole area of the
Swiss Alps. Assuming that the Swiss Alps can be
subdivided in about 50 regions and that about
1 out of 20 avalanches results in a fatality, the
probability that in a given region at a given danger
level (“Moderate” or “Considerable”) an avalanche
is triggered by a backcountry traveller, is propor-
tional to about 0.34 to 0.79, respectively. Depend-
ing on the number of backcountry travellers and
the number of potential avalanche slopes they
cross, the probability for a backcountry traveller to
trigger an avalanche on a given slope on a given
day when “Moderate” or “Considerable” danger
prevails is very, very small — probably on the order
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of 10°. Due this low probability the triggering is the
exception not the rule so that the recreationists
that have not triggered an avalanche do not real-
ize that they have taken an elevated risk.

The quality of snow avalanche forecasts is
typically rather poor, i.e. the skill score in a statisti-
cal sense is low. However, this does not mean that
the forecasts are useless — quite in contrary. If the
economic value is considered, even a forecast
with a low level of predictability can be very useful,
i.e. can help to prevent death or injury. In fact, it
has become apparent in recent years that the skill
score as used in meteorology to rate weather
forecasts is not the only perspective on the prob-
lem of how to define predictability (Palmer, 2006).

4. CONCLUSIONS

We examined the predictability of snow
avalanches in the context of the prediction of ex-
treme events. The predictability of snow ava-
lanches depends on the scale under considera-
tion, the forecast variable and the size of the event
(equivalent to the danger level). The uncertainty
increases with decreasing scale and size of the
event. Whereas at “High” or “Very high” danger it
is predictable that some large natural avalanches
will occur, i.e. the probability that at least one ava-
lanche will occur in a given region is >50%, the
single event in a given avalanche path is not pre-
dictable since the probability of occurrence is typi-
cally on the order of 1-10%. At the lower danger
levels, the occurrence probability for avalanches in
the backcountry are far lower. However, even if it
is strictly speaking not predictable whether an
avalanche, for example, will hit the road when the
danger level is “High”, the risk is usually too high
for occurrence probabilities on the order of 1-10%.
In other words, the low level of predictability does
not mean that no preventive measures (e.g. tem-
porary road closures) are required since the eco-
nomic value of the forecast needs to be consid-
ered. Low probability forecasts can be useful if
large values are at stake.

Though snow avalanches as other mete-
orological hazards can theoretically be predicted
from the mainly deterministic system that de-
scribes the atmosphere, the uncertainty in the
description of the actual state and the model for-
mulation leads to a low level of predictability. Pre-
diction is particularly difficult since we do not have
a comprehensive theory of avalanche formation.
The avalanche release process is complex in the
sense that it is very sensitive to small variations in
the initial conditions (which is typical to failure
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processes in materials with high disorder). Fur-
thermore, we do not have an observable that is
closely linked to the failure process, and that could
be used as reliable precursor. Even with a better
understanding of the processes involved in ava-
lanche formation, the approach to prediction will
remain a probabilistic one. The pessimistic view,
expressed for the earthquake prediction problem
(Main et al., 1999), is that the better understanding
will show why prediction is difficult rather than
improve predictability.

REFERENCES

Hageli, P. and D.M. McClung, 2004. Hierarchy
theory as a conceptual framework for scale
issues in avalanche forecasting modeling.
Ann. Glaciol., 38, 209-214.

Haggett, P., 1994. Prediction and predictability in
geographical systems. Trans. Inst. Br. Geogr.,
19(1), 6-20.

Jentsch, V., H. Kantz, and S. Albeverio, 2006.
Extreme events: magic, mysteries and
challenges. Extreme events in nature and
society, V. Jentsch, H. Kantz, and S.
Albeverio, Eds., Springer, 1-18.

Kantz, H., E.G. Altmann, S. Hallerberg, D.
Holstein, and A. Riegert, 2006. Dynamical
interpretation of extreme events: predictability
and predictions. Extreme events in nature and
society, V. Jentsch, H. Kantz, and S.
Albeverio, Eds., Springer, 69-93.

Main, I. et al., 1999. Is the reliable prediction of
individual earthquakes a scientific goal?
Nature debates, 25 February 1999 (see
http://www.nature.com/nature/debates/earthqu
ake/).

McClung, D.M., 2000. Predictions in avalanche
forecasting. Ann. Glaciol., 31, 377-381.

McClung, D.M. and P. Schaerer, 2006. The
Avalanche Handbook. 3rd ed. The
Mountaineers Books, Seattle WA, U.S.A.,
342 pp.

Meister, R., 1995. Country-wide avalanche
warning in Switzerland. Proceedings ISSW

Whistler 2008

1994, International Snow Science Workshop,
Snowbird, Utah, U.S.A., 30 October-3
November 1994, Snowbird UT, U.S.A, 58-71.

Munter, W., 2003. 3x3 Lawinen - Risikomanage-
ment im Wintersport. Pohl&Schellhammer,
Garmisch-Partenkirchen, Germany, 223 pp.

Palmer, T.N., 2006. Predictability of weather and
climate: from theory to practice. Predictability
of weather and climate, T. N. Palmer and R.
Hagedorn, Eds., Cambridge University Press,
1-29.

Salm, B., 1982. Lawinenkunde fiir den Praktiker.
Verlag des Schweizer Alpen-Club SAC,
Berne, Switzerland, 148 pp.

Schaer, M., 1995. Avalanche activity during major
avalanche events - A case study for
hydroelectric reservoirs. Les apports de la
recherche scientifique a la sécurite neige,
glace et avalanche. Actes de Colloque,
Chamonix, France, 30 mai-3 juin 1995, F.
Sivardiére, Ed., ANENA, Grenoble, France,
133-138.

Schweizer, J. and P.M.B. Féhn, 1996. Avalanche
forecasting - an expert system approach. J.
Glaciol., 42(141), 318-332.

Schweizer, J., J.B. Jamieson, and M. Schneebeli,
2003. Snow avalanche formation. Rev.
Geophys., 41(4), 1016.

Schweizer, J., C. Mitterer, and L. Stoffel, 2008:
Determining the critical new snow depth for a
destructive avalanche by considering the
return period. Proceedings ISSW 2008,
International Snow Science Workshop,
Whistler BC, Canada, 21-27 September 2008,
this issue.

SLF, 2000. Der Lawinenwinter 1999 -
Ereignisanalyse. Swiss Federal Institute for
Snow and Avalanche Research, Davos,
Switzerland, 588 pp.

Wilhelm, C., 1999: Kosten-Wirksamkeit von Lawi-
nenschutzmassnahmen an Verkehrsachsen.
Vollzug Umwelt, Praxishilfe, Bundesamt fiir
Umwelt, Wald und Landschaft BUWAL, Berne,
Switzerland, 110 pp.

692



	8205.pdf



