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WHEN DO AVALANCHES RELEASE: INVESTIGATING TIME SCALES IN AVA-
LANCHE FORMATION
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ABSTRACT: Forecasting snow avalanches requires a detailed understanding of the influence of
meteorological boundary conditions on avalanche formation. For instance, while it is widely known
that avalanche activity generally increases during snow storms, much less is known about typical time
scales involved in avalanche formation. In other words, we generally do not know how quickly ava-
lanche activity rises or when peak activity has been reached. Whereas meteorological data are nowa-
days readily available with high temporal resolution, the corresponding avalanche occurrence data
are lacking. This is mainly because data on avalanche activity obtained through conventional visual
observations are incomplete and inaccurate, especially regarding the release time. To identify charac-
teristic time scales and dominant meteorological drivers associated with avalanche activity, we there-
fore used unique avalanche activity catalogues obtained through seismic and radar monitoring in
combination with local meteorological measurements and snow cover simulations. Results show that
different meteorological drivers related to avalanche activity throughout a season: energy input into
the snow cover was a dominant driver late in the season, while modeled precipitation correlated best
with avalanche activity earlier in the season. While these findings are not surprising, having more
accurate release times for the avalanche events allowed us to cross-correlate meteorological drivers
with avalanche activity to identify time scales. For precipitation, time scales were on the order of sev-
eral days, while for energy input later in the season, time scales were on the order of several hours to
one day. Finally, by using a moving windowed cross-correlation approach, we clearly identified regime
changes throughout the season. Overall, our findings show that accurate avalanche activity data can
provide novel insight into avalanche formation processes and ultimately can help improve avalanche
forecasting using readily available meteorological data and snow cover simulations.
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1. INTRODUCTION

Since there is no comprehensive theory of ava-
lanche formation, assessing the avalanche danger
mainly involves evaluating data on weather, snow
stratigraphy and avalanche activity (McClung and
Schaerer, 2006). However, during snow storms,
when the avalanche hazard generally increases,
this becomes an increasingly difficult task as due to
poor visibility it is generally not possible to obtain
much needed avalanche occurrence data with con-
ventional visual observations. Avalanche forecast-
ers therefore have to predict how quickly the danger
level rises and when the peak has been reached
based on incomplete information and knowledge of
the current situation.

Numerous attempts have been made to develop
statistical avalanche forecasting techniques by relat-
ing local meteorological observations with ava-
lanche occurrence data or estimated avalanche
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danger (e.g. Buser, 1983; Pozdnoukhov et al.,
2011; Schweizer and Foéhn, 1996). However, the
main bottleneck in these approaches is often the
poor temporal and spatial resolution of avalanche
observations, typically obtained through incomplete
and inaccurate visual observations. This usually
results in poor correlations with metrological data
due to uncertainties in the number and exact timing
of avalanches (e.g. van Herwijnen et al., 2016).
Meteorological measurements or forecasts at high
spatial and temporal resolution, which nowadays
are widely available, can therefore not be exploited
to their fullest extent.

The obvious shortcomings of conventional ava-
lanche observations have long been recognized,
and since the 1970s various alternative methods for
the remote detection of avalanches have been de-
veloped. Broadly speaking, there are three remote
avalanche detection systems: radar, infrasound and
seismic monitoring. While with the introduction of
long-range, wide-angle radar systems, the maxi-
mum detection range of radar systems has greatly
improved (Meier et al., 2016), a direct line of sight
is required as the avalanche movement must be
towards the radar. For avalanche detection over
larger areas and multiple paths, seismic and infra-
sound monitoring systems are better suited (e.g.
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Heck et al., 2018b; Marchetti et al., 2015). These
systems consist of one or several sensors which
record the energy radiated by the avalanche, re-
spectively in the ground and in the air. Avalanches
that occur up to several kilometers away from the
sensors can be detected, depending on the size of
the event (e.g. Heck et al., 2018a; Mayer et al.,
2018).

Thanks to recent technological and signal pro-
cessing advances, the reliability of remote ava-
lanche detection systems has greatly improved.
With such systems avalanche activity can continu-
ously be monitored, independent of weather and
visibility, with the potential to increase the accuracy
of avalanche danger level assessments and to ad-
vance our understanding of meteorological drivers
responsible for avalanche release (e.g.Lacroix et
al., 2012; van Herwijnen et al., 2016). Our aim is
therefore to exploit avalanche catalogues obtained
through seismic and radar monitoring in combina-
tion with local meteorological measurements and
snow cover simulations to identify characteristic
time scales and dominant meteorological drivers
associated with avalanche activity.

2. DATA AND METHODS

2.1 Field sites and instrumentation

We compiled avalanche occurrence data at two
sites in the Swiss Alps: above Davos in the Grisons
and close to Arbaz, at the Vallée de la Sionne
(\VdIS) test site (Figure 1).

Above Davos two seismic arrays consisting of 7
seismic sensors (4.5 Hz vertical component geo-
phones) were deployed approximately 14 km apart.
Commercial data acquisition systems were used
(Seismic Instruments Inc.) and data were continu-
ously sampled at a rate of 500 Hz (for more details,
see van Herwijnen and Schweizer, 2011). To im-
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Figure 1: Location of the test sites (red dots).
Map reproduced by permission of swisstopo
(JA100118)

prove the signal-to-noise-ratio, the sensors were
either attached to rocks on the ground or buried 30
to 50 cm into the ground and deployed at relatively
flat sites with a homogeneous snow cover at an
elevation of 2000 and 2500 meters, respectively. At
each seismic array we also installed several auto-
matic cameras to provide ground truth data.

At VdIS, seismic sensors positioned in the ava-
lanche track served as triggers to turn on the data
acquisition system of various instruments, including
the radar. The radar system (GEODAR) was in-
stalled on the opposite side of the valley on a con-
crete bunker. It is based on frequency modulated
continuous wave technology, and was used to iden-
tify and classify avalanches with high spatial and
temporal resolution (Kohler et al., 2018).

2.2 Avalanche catalogques

To identify seismic signals generated by avalanches
at the field sites above Davos, we relied on images
from the automatic cameras to correctly distinguish
signals generated by avalanches from environmen-
tal noise (e.g. van Herwijnen and Schweizer, 2011).
This allowed us to learn typical characteristics as-
sociated with signals generated by avalanches.
Since environmental noise levels depend on site
specific topography, geology and snow conditions
(Heck, 2018), this learning step was repeated for
each field site and each winter.

Despite these site specific differences, seismic sig-
nals generated by avalanches consistently had dis-
tinct temporal and spectral characteristics, allowing
us to identify avalanches in the seismic data
through visual inspection of the waveform and the
spectrogram, i.e. the evolution of the frequency
content of the signal with time (e.g. van Herwijnen
et al., 2014). While it is clear that visual inspection
of seismic data is time consuming and prone to
observer bias, given the overall similarities between
the seismic signals generated by avalanches, we
are relatively confident in the accuracy of our visual
inspection of the data. For both sites above Davos,
we inspected three winter seasons from 2015-2016

Table 1: Number of avalanches observed each win-
ter at each site

Site Winter Avalanches
VdIS 2013 9
VdIS 2014 12
VdIS 2015 28
VdIS 2016 36
VdIS 2017 36
Davos 2016 72
Davos 2017 54
Davos 2018 51
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to 2017-2018, referred to as 2016, 2017 and 2018,
respectively (Table 1). Avalanches occurrences
from both sites were pooled to create three seismic
avalanche catalogues consisting of the release time
t; of each avalanche found in the seismic data.

For VdIS, we visually inspected the GEODAR data
of 5 winter seasons, from 2012-2013 to 2016-2017
referred to as 2013, 2014, 2015, 2016 and 2017,
respectively (Table 1). This allowed us to create 5
avalanches catalogue consisting of the release time
t; of each avalanche found in the GEODAR .

2.3 Meteorological data

Meteorological data were obtained from automatic
weather stations (AWS) in the vicinity of the field
sites. For Davos, we used data from the Weissfluh-
joch AWS located at an elevation of 2536 meters.
For VdIS, we used data from the Donin du Jour
AWS located at an elevation of 2385 meters. Mete-
orological data were recorded at 30 minute intervals
and served as input for the numerical snow cover
model SNOWPACK (operational version v1528;
Lehning et al., 1999) to obtain estimates for the
amount of new snow HN and the energy input E at
the snow surface.

2.4 Statistical analysis

To investigate typical time scales involved in ava-
lanche formation processes, one has to correlate
avalanche activity data with meteorological parame-
ters. Due to the presence of strong non-stationary
fluctuations in meteorological data, including diurnal
fluctuations and seasonal trends, it is essential to
properly deterend the time series prior to performing
the correlation analysis. We therefore performed a
so-called detrended cross-correlation analysis
(DCCA). The DCCA is designed to investigate
cross-correlations between different simultaneously
recorded time-series in the presence of non-
stationarities (for more details see Zebende, 2011).
The method is used to determine a dimensionless
correlation coefficient for different time scales. The
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Figure 2: Snow height (lines) and avalanche activi-
ty (bars) during the winter of 2017 at VdIS (red)
and Davos (blue).

correlation coefficient ranges between -1 (perfect
anti-correlation) and 1 (perfect correlation), similar
to the more well-known Pearson linear correlation
coefficient.

3. RESULTS AND DISCUSSION

Overall, 298 avalanches were identified in the seis-
mic and radar data during the investigation period
(Table 1). The number of observed avalanches at
VdIS was lower than in Davos. Nevertheless, the
differences were surprisingly small considering that
only one mountain flank was monitored at VdIS,
while in Davos two seismic systems were used
which can typically detect avalanches within a radi-
us of about 3 km (Heck et al., 2018a). While this
data set contains avalanche activity data from two
sites over several winters, below we only focus on
the 2014 and 2017 winters.

Despite being over 200 km apart, avalanche activity
patterns at both sites during the 2017 winter were
surprisingly similar. The two main avalanche cycles
at both sites were in early February and around 10
March (Figure 3). While the similarities are obvious,
there were also some differences. Indeed, ava-
lanche activity in Davos preceded that in VdIS for
the cycle in February, the opposite was true for the
cycle in March. Finally, avalanche activity was clear-
ly associated with new snow (increases in HS),
even for the activity later in the season (after 1
May).

Looking at modeled hourly new snow and ava-
lanche activity during the avalanche cycle in March
in greater detail highlights the different avalanche
patterns at both sites more clearly (Figure 3). In
VdIS, most of the snow had fallen by noon on 8
March, by which time all avalanches had also re-
leased, either during the intense snowfall period or
during a lull between two snowfall periods. In Da-
vos, on the other hand, the second half of the snow
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Figure 3: Cumulated new snow (HN, solid lines) and
number of avalanches (dashed lines) between 5
and 11 March 2017 at VdIS (red) and Davos (blue),
standardized to the respective sum shown in the
legend during this period (= 100%).
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Figure 4: Detrended cross correlation coefficient
with time scale between avalanche activity in Davos
during the winter 2017 and modeled hourly new
snow height (HN). The correlation analysis was
performed for four separate periods corresponding
to the main avalanche cycles (see Figure 2).

storm was most intense, from 9 March on, which
was also the period when the vast majority of ava-
lanches released.

While only for one particular snow storm, these
results show that natural avalanche activity is close-
ly linked to precipitation. However, when using ava-
lanche activity data from Davos for the entire 2017
winter season (Figure 4), these results are con-
firmed. Indeed, although the detrended cross-
correlation between avalanche activity and hourly
new snow was somewhat erratic at very short time
scales (< 6 hours), it clearly increased for larger
time scales and there was an obvious difference
between early season and late season (Figure 4).
For the first part of the season (blue and yellow
lines) the correlation rapidly increased up to about
48 hours (2 days), while later in the season (dark
red line) the correlation increased more slowly and
was much weaker.
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Figure 5. Detrended cross correlation coefficient
with time scale between avalanche activity at VdIS
during the winter 2014 and modeled hourly energy
input (E). The correlation analysis was performed
for four separate periods over the entire season.

Energy input into the snow cover is generally con-
sidered a good predictor for avalanches in spring
(Helbig et al., 2015; Mitterer and Schweizer, 2013).
This is also confirmed by our data. Indeed, ava-
lanche activity late in the season of 2014 at VdIS
correlated with hourly modeled energy input, when
the correlation rapidly increased up to time scales of
about 24 hours (dark red line in Figure 5). Earlier in
the season, the correlation was much weaker (blue
and yellow lines in Figure 5). Note that the cross-
correlation with energy input was weaker than with
precipitation (compare Figures 4 and 5).

4. CONCLUSIONS AND OUTLOOK

We highlighted the usefulness of accurate ava-
lanche activity data obtained through seismic and
radar avalanche detection systems for improving
our understanding of avalanche activity patterns.
Although a more in-depth analysis is required to
confirm the results presented here, they highlight
the potential to improve our knowledge on the com-
plex interaction between meteorological drivers and
natural avalanche release. Our results suggest that
different drivers are related to avalanching through-
out a season (i.e. winter or spring) and that the in-
volved time scales are inherently different. Indeed,
hourly new snow correlated best with avalanche
activity early in the season at time scales of two or
more days, while later in the season the energy
input at the snow surface correlated best at shorter
time scales (around 1 day).

Remote avalanche detection systems are becoming
increasingly reliable, and in recent years operational
systems based on radar or infrasound have
emerged (e.g. Mayer et al, 2018; Meier et al.,
2016). The development of seismic monitoring sys-
tems has somewhat lagged behind that of radar and
infrasound systems. Nevertheless, with recent ad-
vances in signal processing, operational use of
seismic monitoring systems is becoming a looming
reality (Heck et al., 2018a). As remote avalanche
detections systems become more common, these
will undoubtedly provide reliable and accurate ava-
lanche activity data useful for operational avalanche
forecasting. Combined with meteorological meas-
urements, these data will also provide new insight
into avalanche formation processes and likely lead
to the development of new models for avalanche
forecasting.
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