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DETERMINING THE CRITICAL NEW SNOW DEPTH FOR A DESTRUCTIVE AVALANCHE BY CON-
SIDERING THE RETURN PERIOD

Jurg Schweizer*, Christoph Mitterer and Lukas Stoffel
WSL Institute for Snow and Avalanche Research SLF, Davos, Switzerland

ABSTRACT: Snow avalanche danger assessment for avalanche paths threatening a highway or a resi-
dential area is usually related to new snow depth. Given the extensive protection work in the Alps, the
avalanche control service (also called avalanche commission) responsible for danger assessment will
usually monitor the avalanche situation throughout the winter, but only become active in case of a major
snow fall. Related safety concepts describing the procedures and measures to be taken in a given danger
situation are therefore typically based on threshold values for new snow. By analysing the avalanche
occurrence of a major avalanche path, we show that the return period of an avalanche to, for example,
the road is about 5 years, whereas the return period for the corresponding new snow depth is substan-
tially smaller, in our case slightly less than 2 years. Similar proportions were found for a number of other
avalanche paths with different snow climate. The return period of the critical new snow depth is typically
about 2-5 times smaller than the return period of the avalanche. This proportion is expected to increase
with increasing return period. Hence, based on the return period of an avalanche path a first estimate for
the critical new snow depth can be made. With a return period of the critical new snow depth of 1-2 years,
avalanche prediction for individual avalanche path becomes very challenging since the false alarm ratio is

expected to be high.
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1. INTRODUCTION

In the European Alps most of the severe
avalanche problems have been mitigated in the
past decades by permanent protection measures
such as supporting structures in the starting zone,
or dams and sheds in the run-out zone. Still, there
remain very many avalanche paths without per-
manent protection measures in place. They either
produce infrequent events or permanent protection
works is technically difficult to implement and/or
too costly (poor cost-to-benefit ratio). In particular
for economic reasons, avalanche forecasting (i.e.
preventive closures) — often combined with artifi-
cial avalanche release is now frequently favoured
over permanent protection works.

This solution requires a well organized lo-
cal avalanche control service with personnel who
is usually hired part time and very often are well
qualified volunteers. As critical situations are infre-
guent, the avalanche service has to assess the
situation and take action only occasionally during
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the winter. Although it is recommended that they
closely follow the avalanche situation during the
winter, it is common that a service only starts
working when a major snow storm is pre-
announced (Stoffel and Schweizer, 2008). Ideally,
the avalanche service has established a concept
that connects a given avalanche situation to some
temporary protection measures. The avalanche
situation in such a safety concept is often charac-
terized by the amount of snow loading. Threshold
values are commonly determined based on past
events. Often the non-events are not considered in
this type of analysis. These critical values should
be considered as a first guess and always be
adapted to the actual situation. After an unex-
pected event, the snow loading is often considered
as relatively minor and not comparable to the often
large extent of the unexpected destructive ava-
lanche.

Considering the return period for hazard
mapping is common (e.g. Ancey et al., 2004,
Burkard and Salm, 1992), but the approach is
rarely combined with local avalanche prediction,
except in the pioneering work by F6hn and Meister
(1982). Avalanche forecasting tools for one or
more individual avalanche path do not exist,
probably due to the fact that rare events do not
allow developing a statistical forecasting model.
Avalanche activity around Zuoz (Engadine valley,
Switzerland) has been related to snow and snow-
pack parameters (Stoffel et al., 1998). They found
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that new snow depth alone was insufficient for
forecasting, but that snowpack stratigraphy and
temperature evolution were essential contributing
factors even for large catastrophic avalanches. A
similar analysis for various regions was performed
by Schneebeli et al. (1998).

One of the snow loading variables, the in-
crease in snow depth during 3 days (AHS3d) is
also used in the context of modelling the dynamics
of large catastrophic avalanches for hazard map-
ping to assess the fracture depth. This approach
has been questioned (e.g. Barbolini et al., 2002).

The aim of this study is to analyse the ava-
lanche activity in an active avalanche path (Salez-
ertobel, Davos, Switzerland), derive values for the
critical new snow depth and relate the return pe-
riod of the critical new snow depth to the ava-
lanche return period. We will then describe the
ratio of return periods for a number of other ava-
lanche path in order to provide some rough guid-
ance on how to establish preliminary threshold
values for an avalanche path where little informa-
tion is available apart from avalanche occurrence
data.

2. METHODS AND DATA

The analysis was made for an avalanche
path that runs towards the main road that enters
the city of Davos (1560 m a.s.l., Eastern Swiss
Alps) from the north: the Salzertobel path. The
Salezertobel avalanche path has already been
analysed by Fohn and Meister (1982). The starting
zone reaches up to 2500 m a.s.l., is about 33-37°
steep and has mainly easterly to south-easterly
aspect. The distance to the road is about 1800 m.
Avalanche records go back to the 15" century. For
the last about 60 years the occurrence was
consistently recorded. However, the avalanche
extent is not always known and there were many
small events. We will consider the winter periods
from 1950-1951 to 2007-2008 (58 years). About
70 avalanches were recorded. We will only
consider the 55 avalanche events that were more
or less well documented. Except for one event, the
avalanches were mapped and available for GIS
analysis. From the 55 avalanches considered, 34
were large events that had a runout below 1700 m
a.s.l, i.e. on the alluvial fan above the road. From
these large events 12 reached (+ 20 m) the road
or the shed (since 1984 the road is protected by a
snow shed; construction started in 1981). In five
winters two (and once even three) large events
were recorded, still we consider all large ava-
lanches as independent events.
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The snow and weather data used for the
analysis were recorded at the study plots of
Weissfluhjoch (2540 m a.s.l.) above Davos and of
Davos Dorf (1560/1590 m a.s.l.). At both locations
new snow depth was recorded daily on a snow
board. Other meteorological parameters included
air temperature, wind speed, radiation etc. For the
analysis, we used daily values of the 58 winters
from 1 November to 30 April, in total 10,513 daily
records. To simplify the analysis we reduced the
dataset and only considered days with a new
snow depth HN > 10 cm measured at Weissfluh-
joch (N = 1540). Furthermore, for days immedi-
ately after an event, the 3, 5 or 10 day sum of new
snow depth was not considered.

Snow stratigraphy was included based on
the bi-weekly snow profiles taken at the Weissfluh-
joch, Biischalp (1960 m a.s.l.) and Davos Dorf
study plots. Profiles were classified according to
Schweizer and Wiesinger (2001) into those with
weak basal layers (profile types 1-5) and those
with well consolidated (rather hard) basal layers
(profile types 6-10). This snow stratigraphy classi-
fication was only available for analysis for days
with large avalanche events.

To contrast variables from days with no
avalanche events to avalanche days the non-
parametric Mann-Whitney U-Test was used. Cate-
gorical data such as snowpack classification were
cross-tabulated and a Yates’ corrected Pearson y°
statistic was calculated. A level of significance
p =0.05 was chosen to decide whether the ob-
served differences were statistically significant.
Split (or threshold) values between two categories
were determined with the classification tree
method (Breiman et al., 1998).

To characterise the return period of a
given new snow amount (e.g. new snow depth of
24 hours: HN, or 3-d sum of new snow depth:
HN3d), we used the Gumbel extreme value statis-
tics.

3. RESULTS

Figure 1 shows the avalanche frequency
in the Salezertobel path for the 54 avalanches
mapped from 1950-1951 to 2007-2008. During the
58 years considered, 12 avalanches reached the
road (= 20 m) so that the return period for an ava-
lanche to the road is about 5 years.

We will first consider the meteorological
situation for the 12 avalanches that reached the
road. The new snow amount prior to the release
varied widely. For example, the 3-d sum of new
snow depth at Weissfluhjoch varied between
51 cm and 127 cm, with a median value of 68 cm.
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Figure 1: Avalanche frequency in the Salezertobel
path (Davos, Switzerland). During a period of 58
years (1950-1951 to 2007-2008) 54 avalanche
events were mapped.

For nine out of 12 avalanches HN3d measured at
Weissfluhjoch was at least 64 cm (1% quartile).
Considering the new snow measurements at the
valley bottom showed that the median HN3d was
67 cm with a range of 22 cm to 110 cm. For nine
out of 12 avalanches HN3d measured at Davos
was at least 41 cm. The air temperature change to
the previous day AT, was in most cases positive at
Weissfluhjoch, i.e. about +3°C. There was no
comparable trend for the temperature measured at
Davos. Analysing the snow stratigraphy showed
that the profiles taken prior to the release at the
lower elevation study plots (Davos and Bischalp)
had almost exclusively a weak basal snowpack
layers; at the elevation of the Weissfluhjoch eight
out of 12 profiles had a weak base.

In the following, we compare the above
described conditions for the avalanches that hit
the road to those of the other 22 rather large
events. All variables related to snow loading (HN,
HN3d, HN5d, AHS3d) showed larger median val-
ues for the avalanches that hit the road compared
to the other large events (either measured at
Weissfluhjoch or at Davos) (Figure 2); the differ-
ences were statistically significant (Mann-Whitney
U-test; p <0.015) except for HN5d measured at
Davos (p = 0.052). The level of significance p was
in general lower for the values measured at
Davos. Based on univariate tree statistics, a
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Figure 2: Sum of new snow depth for 3 and 5 days
(HN3d, HN5d), and 3-day increase in snow depth
(AHS3d) measured at (a) the Weissfluhjoch and
(b) Davos for large avalanches that stopped above
the road (left, in blue; N = 22) and avalanches that
hit the road (right, in red; N = 12).

threshold value for an avalanche to the road of
>57 cm and >59 cm for HN3d was found, meas-
ured at Weissfluhjoch and Davos, respectively.
Also significant variables were AT, at Weissfluh-
joch (>2.1°C, p=0.022) and the snow depth 3
days before the event (HS3d) at Weissfluhjoch
(2140 cm, p =0.035). The proportion of profiles
(taken at either Biischalp or Davos) with weak
base was significantly larger for days with ava-
lanches that hit the road. Whereas a strong base
suggests that an avalanche will not reach the
road, a weak base has no discriminating power.
Though, for almost all avalanches that reached the
road a snowpack with a weak base existed — but
weak snowpack basal layers existed also when
many of the large avalanches stopped above the
road.

Based on the analysis of the events only,
a new snow amount of about 55-60 cm (measured
either on the level of the starting zone at the
Weissfluhjoch or in the valley bottom at Davos)
seems to indicate that an avalanche might reach
the road. The return period of a new snow depth of
about 55-60 cm in 3 days at Davos is about 1.5-2
years, at Weissfluhjoch it is about 1 year.

Table 1: Optimal threshold values based on un-
weighted average accuracy to discriminate be-
tween days when a large avalanche occurred and
non-event days.

Loading variable  Threshold  unweighted
value average accu-
racy
HN3d_WFJ >45cm 71.3%
HN5d_WFJ >54 cm 69.1%
HN3d_DAV >33 cm 72.5%
HN5d_DAV >38cm 72.7%
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Figure 3: Sum of new snow depth for 3 days
measured at (a) the Weissfluhjoch and (b) Davos
for all days (left, in blue; N = 1528) and ava-
lanches that hit the road (right, in red; N = 12).
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Next, we will consider if it is possible to
forecast whether a large avalanche has to be ex-
pected. We compared the snow and weather
situation at days (N = 34) when a large avalanche
occurred to those days when there was no ava-
lanche. All loading parameters were significant
variables (p < 0.01) except for HN at Weissfluhjoch
(p =0.25). Also significant variables were the

snow depth variables (HS, HS3d). Tree statistics
with standard parameters did not suggest any split
value for any of the snow loading parameters,
except for HN at Davos (=49 cm). However, as
the dataset was very unbalanced it is not surpris-
ing that no split values were found, and the one
found is questionable. Hence, we optimized the
thresholds to reach the highest unweighted aver-
age accuracy or the highest true skill score. Re-
sults are summarized in Table 1. The unweighted
average accuracy can be increased to 75% if in
addition to HN3d or HN5d at Davos also the snow
depth HS (> 76 cm) is considered. However, the
probability of detection (correct avalanche events)
is only about 65%, whereas the false alarm ratio is
about 90%. In other words, the scheme is not ap-
plicable in practice.

Forecasting the avalanches that reached
the road was slightly easier, since the snow and
weather situation prior to the release was in gen-
eral more extreme (Figure 3). We again primarily
considered the loading variables (Table 2). First of
all, the results show that the false alarm ratio
(FAR) was generally higher than 90%, i.e. only in
1 (or even less) out of 10, for example, road clo-

Table 2: Classification models to discriminate between days when a large avalanche occurred and

non-event days with corresponding skill scores.

Variable Threshold Probability of ~ True skill score  Unweighted False alarm
value detection (HK) average accu- ratio

(POD) racy (FAR)

Weissfluhjoch

HN >33 cm 66.7% 55.7% 77.9% 95.5%

HN3d >51cm 100% 78.3% 89.2% 96.6%

HN5d >59 cm 100% 75.3% 87.7% 97.0%

Davos

HN >36cm 58.3% 54.9% 77.3% 89.1%

HN3d >42 cm 75.0% 63.0% 81.5% 95.4%

HN5d > 44 cm 83.3% 65.5% 82.7% 96.5%

Combinations

HN3d_WFJ >59 cm 83.3% 74.6% 87.3% 93.2%

and HS_DAV > 76 cm

HN3d_WFJ > 64 cm 75.0% 68.0% 84.0% 92.4%

and HS_DAV > 76 cm

HN3d_DAV > 42 cm 75.0% 66.6% 83.3% 93.6%

and HS_DAV >76 cm

HN3d_DAV >59 cm 66.7% 62.0% 81.0% 90.1%

and HS_DAV >76 cm

HN3d_DAV >59 cm 66.7% 64.8% 82.4% 78.4%

and HS_DAV >76 cm

and HN_DAV >33 cm
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sures an avalanche actually released. Obviously,
the false alarm ratio decreased with increasing
threshold value (or increasing number of vari-
ables), but inevitably more avalanches were
missed, i.e. the number of “hits”, or the probability
of detection (POD) decreased. If we would, for
example, request that a classification model has to
have a POD > 75% and a FAR < 90%, none of the
models in Table 2 would pass the test. The vari-
ables at Davos had slightly more discriminating
power as the new snow amounts for the ava-
lanche events hitting the road were more extreme
in Davos than at the Weissfluhjoch. In addition, the
false alarm ratio was slightly lower if the loading
variables measured in the valley bottom were
used for similar threshold values.

In summary, the analysis suggests that a
critical new snow depth (HN3d.) of about
55-60 cm if measured at Davos and about 60 cm if
measured at Weissfluhjoch seems appropriate.
However, these values imply that about every third
avalanche to the road would be missed. Still, most
of the times when the road would be closed, no
avalanche would release. In fact, a critical new
snow depth of 60 cm has a return period at Weiss-
fluhjoch of slightly more than 1 year (Gumbel sta-
tistics), but occurs about four times per winter.
Given this threshold, the road should be closed (if
there would be no shed) at least four times per
winter, but an avalanche would reach the road
only every 5 years. Due to the high false alarm
rate forecasting based on the threshold value of
60 cm from Weissfluhjoch seems not feasible.
Using the snowfall data measured at Davos is
somewhat more appropriate. A critical new snow

depth of 55-60 cm only occurs slightly less than
about twice per winter (1.8 times per winter). In
about 30% of these cases the snow depth is less
than 80-100 cm at the elevation of the valley bot-
tom so that an avalanche hitting the road is
unlikely. Hence, a critical situation is reached only
about 1.3 times per winter.

A similar, though less detailed analysis
was performed for other sites where an avalanche
path threatens a road or communication line. In
these cases the occurrence record is less com-
plete and often only the major events that reached
the road were recorded. Consequently, the
threshold values cannot be determined statistically
by comparing events to the road to events that
stopped above the road, nor by comparing condi-
tions of the avalanche events with those of the
non-events. The critical new snow depth as meas-
ured in a study plot in the valley bottom (usually
within a couple kilometres from the starting zone)
corresponds to about the 10-30% percentile de-
pending on the observation period and the number
of recorded events. Table 3 compiles these re-
sults. The snow depth in the valley bottom was
usually >50-60 cm at the beginning of the snowfall
period.

The return period of the critical new snow
depth was about 2-5 times smaller than the return
period of the avalanche event. It is expected that
with increasing return period the ratio might in-
crease, i.e. even for the very rare and extreme
events the critical new snow depth will often not be
extraordinary. This possible trend is reflected in
the few examples shown in Table 3. For ava-
lanche path with a return period of about 5 years

Table 3: Return periods of avalanche events that threaten a communication line and of correspond-

ing critical new snow depth (HN3d.).

Site Avalanche  Critical new Return period Return

return pe- show depth HN3dit period
riod HN3dit (=potential damage) ratio
(years) (cm) (years)

Salezertobel (Davos) 5 55-60 1.5-2 ~3

Breitzug (Davos) 5 65 2 25

Gonda, Lavin (Eastern Swiss Alps) 5 65 2.5 2

Zuoz (Engadine) 5 35-40 1-2 ~3

Col du Pillon (Les Diablerets, Wes- 10 70-80 ~2 ~5

tern Swiss Alps)

Ravaisch (Samnaun, Eastern Swiss 12 70 2.5 ~5

Alps)

Kreuzbachtobel (Pfafers-Vttis, 20 80 4 5

(Northern Swiss Alps)
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the ratio was about 2-3, whereas for the path with
a return period of 10-20 years, the ratio was
higher, that is about 5. Based on the limited data
set analysed no relation to the snow climate can
be found.

In Table 3 only single avalanche path were
considered. If several avalanche path with similar
return period endanger a road the combined return
period is lower than the return period in the indi-
vidual path whereas the return period of the critical
new snow depth will be the same so that the ratio
will be lower, probably about 1-2.

4. DISCUSSION

If we assume that the return period of the
critical new snow depth is about 2-5 times smaller
than the return period of the avalanche event un-
der consideration — as our preliminary analysis
suggests, we can estimate the critical new snow
depth from nearby snow observations in the same
area having the same snow climate even if there is
no information about the snow and weather condi-
tions at the times of the avalanche events. For
example, for some avalanche path only the year
might be none when an avalanche hit the road.

Given this information we can estimate the
frequency the road is threatened by a potential
avalanche release. We expect this estimate to
usually be more specific and hence useful (about
+ 10 cm within the observed critical value) than
what is indicated in rough guidelines on the rela-
tion between new snow depth and avalanche ac-
tivity (e.g. Salm, 1982). A typical range in these
guidelines for the problems listed in the Table 3 is
50-80 cm of new snow. If the estimate of the criti-
cal new snow depth indicates that the road might
be threatened many times per winter this implies
that reliable forecasting might be impossible — and
permanent avalanche protection works might be
better suited to solve the avalanche problem under
consideration.

Certainly, this proposal is preliminary, but
the focus on return periods also shows some of
the challenging problems inherent to the forecast-
ing of large avalanches in a given avalanche path.

5. CONCLUSIONS

We have analysed the avalanche activity
for the well documented Salezertobel avalanche
path near Davos (Switzerland) for the period 1950-
1951 to 2007-2008. The return period for an ava-
lanche to the road level (now protected by a shed)
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was 5 years. These large avalanche events were
all related to substantial snow loading, a snow
depth above terrain roughness, a snow stratigra-
phy which was characterised at the elevation of
the track and the run-out zone by weak basal lay-
ers and a slightly increasing air temperature trend.
However, when including the non-event days in
the analysis, forecasting based on the above
characteristics becomes difficult due to the high
number false alarms. Simple classification models
based on HN3d and HS measured at Davos
showed that the critical new snow depth for an
avalanche to the road level is about 55-60 cm.

This value has a return period of less than
two years. For return periods of a few years, the
Gumbel statistics largely overestimate the return
period. Consequently, there were many days
when the critical new snow depth was reached so
that the number of false alarms was so high that a
model simply based on a critical new snow
amount is not applicable in practice. The number
of false alarms was reduced by considering one or
two additional variables such as the snow depth.
Still, the probability that an avalanche reaches the
road when the model suggest so, was < 0.15.
Obviously, in operational avalanche forecasting for
roads or residential areas, many other variables
are considered and the critical new snow depth is
adapted so that most avalanche services perform
significantly better than our simple models.

For the analysis, we used snow and
weather data from two locations: one representa-
tive for the starting zone (Weissfluhjoch), the other
for the run-out zone (Davos). The data collected at
the valley bottom were as useful as the data from
the elevation of the starting zone. Forecasting
based on data from Weissfluhjoch — though highly
correlated with large avalanche events — caused
more false alarms than when the data from Davos
were used. Though the conditions at the elevation
of the starting zone are undoubtedly better cap-
tured with automatic stations at this elevation, the
data might not be appropriate for forecasting ex-
treme events due to their inherent low predictabil-
ity.

The difference in snow depth over the last
three days AHS3d was a significant variable to
forecast an avalanche to the road, but by far not
the best one. However, for avalanches that
reached the road level AHS3d was significantly
larger than for avalanches that had a shorter run-
out, indicating that the run-out distance is related
to AHS3d — which is commonly assumed in ava-
lanche dynamics calculations.

The ratio of the return period of the critical
new snow depth to the avalanche return period
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was evaluated for six more avalanche paths and
values in the range of 2 to 5 were found. This find-
ing might be useful to preliminarily assess the
critical new snow depth for an avalanche path for
which only the return period might be known.

Though avalanche control services are in
general probably more successful than a simple
model based on a critical new snow depth, the
generally low predictability makes the prediction of
an avalanche event in a specific avalanche highly
uncertain. Therefore, avalanche forecasting (i.e.
for example, preventive road closures) — even
when combined with explosive control might not
always be the best option when evaluating the
cost effectiveness of potential avalanche protec-
tion measures (costs vs. prevented death).

ACKNOWLEDGEMENTS

We would like to thank Roland Meister for
sharing his expertise and data on the Salezertobel
avalanche path and Stephan Margreth for valuable
input.

REFERENCES

Ancey, C., C. Gervasoni, and M. Meunier, 2004
Computing extreme avalanches. Cold Reg.
Sci. Technol., 39(2-3), 161-180.

Barbolini, M., L. Natale, and F. Savi, 2002: Effects
of release conditions uncertainty on avalanche
hazard mapping. Natural Hazards, 25, 225-
244,

Breiman, L., J.H. Friedman, R.A. Olshen, and C.J.
Stone, 1998: Classification and regression
trees. CRC Press, Boca Raton CA, U.S.A,,
368 pp.

Burkard, A. and B. Salm, 1992: Die Bestimmung
der mittleren Anrissméchtigkeit do zur

Whistler 2008

Berechnung von Fliesslawinen. Eidg. Institut
fir Schnee- und Lawinenforschung, Internal
Report No. 668, Weissfluhjoch-Davos,
Switzerland,16 pp.

Fohn, P. and R. Meister, 1982: Determination of
avalanche magnitude and frequency by direct
observations and/or with aid of indirect
snhowcover data. Proceedings IUFRO/FAO
colloguium on research on small torrential
watersheds (incl. avalanches), Grenoble,
France, June 1981, Mitteilungen der
forstlichen Bundesversuchsanstalt, Vienna,
Austria, Vol. 144, 207-228.

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

Schneebeli, M., M. Laternser, P. Fohn, and W.
Ammann, 1998: Wechselwirkungen zwischen
Klima, Lawinen und technischen
Massnahmen. Nationales
Forschungsprogramm "Klimaanderungen und
Naturkatastrophen" (NFP 31), Schlussbericht,
vdf Hochschulverlag an der ETH Zirich,
Zirich, Switzerland, 134 pp.

Schweizer, J. and T. Wiesinger, 2001: Snow
profile interpretation for stability evaluation.
Cold Reg. Sci. Technol., 33(2-3), 179-188.

Stoffel, A., R. Meister, and J. Schweizer, 1998:
Spatial characteristics of avalanche activity in
an alpine valley - a GIS approach. Ann.
Glaciol., 26, 329-336.

Stoffel, L. and J. Schweizer, 2008: Guidelines for
avalanche control services: organisation,
hazard assessment and documentation — an
example from Switzerland. Proceedings ISSW
2008. International Snow Science Workshop,
Whistler BC, Canada, 21-26 September 2008,
this issue.

298



