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ABSTRACT. A compact, operational prototype for automatic seismic detection of
natural avalanches, named SARA, is proposed as a means to improve real-time estima-
tion of natural avalanche activity. A soltware combining multi-component signal analysis
and fuzzy logic has been set up to reject spurious signals automatically. The average suc-
cess rate of our system, estimated from a set of previously identified signals, is somewhat
over 90%. Two prototypes have been installed in the French Alps during the winter of
1996-97. The SARA system enables the user to follow up the evolution of natural ava-
lanche activity with a high time resolution. Results obtained in 1997 are presented and
compared with other data related to avalanche activity.

INTRODUCTION

1004 (D

The estimation of natural avalanche activity is currently
based on visual observations. These are imprecise and are
impossible at night or during poor visibility. On the other
hand, a precise and objective, real-time estimate of the tem-

poral evolution of avalanche activity would improve risk as-

sessment. First, it would allow us to evaluate the influence of
meteorological parameters such as precipitation volume s
and rate, temperature or wind speed and direction on nat-
ural avalanche activity. Secondly, avalanche forecasters 0
could use this real-time information to obtain knowledge of

the current avalanche situation before writing their reports.

Seismic Detection of Avalanches (SDA) is a means for _2006 160
estimating the natural avalanche activity more objectively.

The principle and difficulties of SDA are first discussed in 3)
section 1. A brief chronological account of SDA studies at 2001
the Centre d’Etudes de la Neige (Snow Research Centre) is 0 -
given in section 2. Section 3 describes the functions of our —200,
operational SDA prototype, two of which have been
installed in the French Alps. Finally, the results obtained 4;';.
during the 1997 campaign are given in section 4.
1004 @)
1. PRINCIPLE AND DIFFICULTIES OF SEISMIC
DETECTION OF AVALANCHES (SDA) 0
When an avalanche occurs, seismic waves are transmitted w5
into the ground and propagate over several kilometres. 5 20 40
These waves can be detected and recorded by a three-com-
ponent seismic data logger. The technical feasibility of SDA
was proven in the 1970s (St. Lawrence and Williams, 1976), Fig. 1. Examples of avalanche signals: (1) Large avalanche
However, unlike classical seismological studies, the Seismic near the sensor on moderately uneven ground ; (2) Medium-
Detection of Avalanches consists of detecting local events. size avalanche on smooth terrain; (3) Medium-size ava-
In addition to earthquakes, any local seismic source (e.g. lanche on a sieep, uneven rocky slope; (1) Distant very large
rolls of thunder, mining blasts, vehicle or helicopter sounds) avalanche (12 km_from the sensor ).
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is likely to produce signals that can be mistaken for ava-
lanches. As a matter of fact, the signals associated with ava-
lanches represent only about 5-10% of the recorded seismic
signals. Therefore, more than 90% of the recorded events
are extraneous and must be rejected. Many snow avalanches
produce long signals (over 2 mn), with smooth, progressive
amplitude variations. However, avalanche signals vary con-
siderably from one event to another, depending mainly on
the profile of the avalanche path and the quantity of snow
in the flow, as well as on the distance and the geomorpholo-
gical characteristics of the terrain between the avalanche
and the sensor (Fig. 1). Therefore, we could not find a dis-
tinctive, simple criterion for discriminating avalanche sig-
nals reliably. On the other hand, most extraneous signals
are associated with less-complex physical phenomena and
hence produce less variable signals. However, some types of
extrancous signals (e.g. rolls of thunder or some earth-
quakes) are likely to behave like avalanche signals.
Therefore, recognizing avalanche signals automatically
is a difficult problem. Other SDA experiments have been
carried out in the Spanish Pyrenees (Sabot and others,
1995), but these focus essentially on the extraction of physical
features (speed and volume of snow) from the recorded sig-
nals: no general method for automatic recognition of ava-
lanche signals has yet been proposed. In order to recognize
avalanche signals automatically, it is necessary to undertake
a detailed analysis of the signals obtained and to take into
account the specific properties of each type of event.

2. SDA STUDIES AT THE CENTRE D’ETUDE DE LA
NEIGE (CEN), 1984-96

2.1. Preliminary studies

Preliminary studies carried out at La Plagne, Savoie,
France, in 1984 showed the feasibility of SDA: the number
of recorded seismic signals proved to be highly correlated
to natural avalanche activity (estimated by careful visual
observations from the resort staff).

In 1991, the first experimental site was equipped at Saint-
Christophe, Isére, France (Oisans massif). This site is on a
slope at an altitude of 1700 m. The surrounding terrain is a
steep, regular slope facing southwest with scree and grass.
In addition to the three-component sensor and the seismic
data logger, a PC computer and a modem were installed in
order to allow direct monitoring of the instruments from the
CEN and daily data transmission. A large number of seismic
events of all types was recorded at this site from 1991 to 1994.
About one event out of two could be identified from eye-wit-
ness accounts of local residents or earthquake reports. Using
this system, a large number of unambiguously identified
events was recorded, including about 20 avalanches.

2.2. The SARA system: software for automatic
recognition of avalanche signals

At the same time, we began analysing these identified events
in order to discover criteria for automatic signal recogni-
tion. We established that, by combining several complemen-
tary criteria, we could overcome the variety of signals and
reach a satisfactory recognition rate. Thus, a prototype soft-
ware, named SARA for “Systéme dAnalyse pour la Recon-
naissance des Avalanches” (Analysis System for Avalanche
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Recognition) was written. It can be visualized as a combi-
nation of three separate modules:

1. Multi-domain signal analysis.

2. Estimation of facts using fuzzy logic.

3. Decision-making using an expert system.

Three domains are involved in the analysis process:

Time domain. Events such as blasts or local earthquakes
are recognized from their envelope shape. The envelope
of the signal is compared to a typical model of an earth-
quake envelope.

Timefrequency domain. Some events (distant earth-
quakes, helicopter sounds, etc) have a typical time—{re-
quency behaviour. The time—frequency content of the
signals is estimated using auto-regressive (AR) model-
ling and a minimum-variance power estimator (also
known as Capon’s estimator).

Polarization domain. The linearly polarized motions are
detected in the time—frequency plane. This assists in re-
cognizing extraneous signals produced by a fixed source
as well as signals with typical polarization patterns (e.g.
local earthquakes). For avalanche signals, the azimuth of
the arriving linear waves is likely to help in estimating
the location of the avalanche path.

About 20 parameters have been estimated from the
results of the analysis and have been used in the second mod-
ule. Using these parameters and the fuzzy-set theory (Za-
deh, 1963), 25 so-called “facts” are given a truth value, i.c. a
number ranging from 0 (totally false) to 1 (totally true).
These facts sum up the characteristics of the signal in each
domain. The use of fuzzy logic is a way of overcoming the
imprecision of the recognition criteria (that is, the variety
in the behaviour of the signals). The boundaries of the fuzzy
sets were first estimated from theoretical considerations (e.g.
seismic-wave propagation laws) and tuned using a set of 334
previously identified events, including 12 avalanches.

Finally, these facts are combined with the third module
using a basic set of rules. The truth value associated with
every possible class (avalanche, blast, earthquake, helicop-
ter, vehicle and thunder) is estimated. Each value denotes
how close the signal is to the associated class, according to
the criteria that were set up from the analysis of identified
events. Compared to other methods that are able to deal
with imprecision and/or uncertainty, such as discriminant
analysis or neural networks, fuzzy logic has the advantage
of being more flexible: the constraints concerning the train-
ing set of events are fewer and the system is easy to modify
according to the evolution of our knowledge.

The flow chart of our system for automatic recognition
of avalanche signals is shown in Figure 2. Full details about
the signal-processing methods have been given by Leprettre
and others (1996, 1998). The SARA system was validated on
280 previously identified signals (different from those used
for estimating the boundaries of the fuzzy sets), including 13
avalanches. The average success rate is about 90%. Most
signals erroneously classified as avalanches are non-teleseis-
mic earthquakes that can easily be identified by using two
distant SDA stations.

2.3. Pre-operational configuration

During the winters of 1995-96 and 1996-97, a pre-opera-
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Fig. 2. Flow chart for the recognition process.

tional version of the SARA software was implemented in
the PC computer at the Saint-Christophe site. The recorded
signals were transferred from the seismic data logger to the
PC twice each day and analysed by SARA. The results were
then transmitted to the CEN by modem. Using this installa-
tion, we were able to obtain an estimated measure of the
natural avalanche activity with a 12 hour step. These cam-
paigns proved the efficiency of the SARA system as well as
the value of SDA in an operational context. We therefore
decided to build an operational autonomous prototype.

3. DESCRIPTION OF PROTOTYPE SDA STATION
3.1. Technical features

The key-element of the prototype is a LEAS SISMALP 3-
PC seismic data logger. This instrument was originally dedi-
cated to recording earthquakes. It has been modified to fit
the particular needs of SDA: longer pre- and post-event,
lower detection threshold. In addition, a PC-486DX card,
including a 170 Mb PCMCIA hard disk, has been included
within the data logger. This PC card can be switched on
automatically by the logger at user-defined intervals in order
to analyse the recorded signals. The purpose of the seismic

data logger is therefore twofold: (1) Detection and storage of

seismic events on a memory card; (2) File management and
signal analysis on the PC card. The sampling frequency is
100 Hz to fit in with the characteristics of most avalanche sig-
nals (5-25 Hz frequency band, approximately).

The instruments installed together with the seismic data
logger are:

T hree-compronent seismic sensor. Mark Products L-22D geo-
phone. Its transfer function is nearly constant in the 2—
40 Hz frequency range.

BMI8 MeteoSal emulter.

Synchronization device (GPS or'lelecode).

Autonomous power supply. Batteries, solar cells and regulat-
ing device (15 days power reserve).

These instruments, apart from the sensor, are held by a
5m pole (Fig. 3), so the whole system is compact, easy to
install and easily removable. The cost of the whole SARA
prototype is about 180 000 French francs.
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Fig. 3. Prototype of SDA station.

3.2. Operational functioning

Every hour, the PC card is switched on automatically and
the following tasks are performed:

All the signals are transferred from the memory of the
data logger to the hard disk and deleted from the memory.

Each signal is analysed by the SARA software and im-
plemented on the hard disk. The results (i.e. the date and
time of the signal, its characteristics and the decision
made by SARA) are encoded in the form of a so-called
“result line” of length 57 characters and stored in a sepa-
rate file. The analysed signal is then archived in a special
directory.

When all the signals are analysed, a 646 byte file is writ-
ten, including a header and the last ten result lines. This
file is loaded into the MeteoSat emitter and transmitted
to the CEN a few minutes later. As the number of events
recorded in a | hour interval is generally less than 10, the
transmitted message is partly redundant compared with
the previous one (transmitted | hour earlier). This is the
first means of checking the quality of the message. Con-
trol characters are also included during the encoding
process.

This configuration allows us to know the exact date and
time when avalanches occurred with a delay not exceeding
1 hour. This remote estimation of natural avalanche activity
is much more precise and objective than visual observations.
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4. RESULTS FROM THE WINTER OF 1996-97

A first prototype was installed on 13 January 1997 at the
Saint-Christophe site. The parameters of the SARA recog-
nition software (as well as the detection parameters) are
those used with the pre-operational system. As the seismic
data logger installed with the prototype is very different
from that used from 1992-96, the results presented in this
section have therefore been obtained using a non-optimal
configuration of the prototype.

Unfortunately, this winter was not very interesting for
the experiment: the snow cover showed a marked deficit at
a moderate altitude from late-February. From January to
March, long periods of fine weather alternated with brief,
moderate, very windy snowfalls.

4.1. Results obtained at the Saint-Christophe site

The most interesting period recorded extends from 15-31
January. Only one significant snowfall with high natural
avalanche activity occurred during this period (19-23 Janu-
ary). Figure 4 shows the evolution of the global daily seismic
activity (i.e. the number of events recorded each day) for
this period (Fig. 4a). After automatic identification of the
signals by the SARA system, only those signals in Figure 4b
(black bars) remain. This shows the necessity of explicitly re-
cognizing avalanche events: the days with a high global seis-

mic activity are not necessarily associated with a peak of

seismic avalanche activity. About 10-20 signals are recorded
each day. The rate of “false alarms”, (i.e. signals erroneously
classified as avalanches) 1s somewhat less than 10%,.

Only one actual avalanche period can be seen in this
graph (20-23 January). Visual avalanche observations re-
ported daily by the Les Deux-Alpes ski resort (close to the
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Saint-Christophe site) are plotted on the same graph (white
bars). Unlike our measurements of seismic avalanche activ-
ity, visual observations are insufficient to estimate the start
and intensity of the avalanche period. The forecast degree of
risk of natural avalanche (Figure 4c¢), estimated by ava-
lanche forecasters at the Saint-Martin-d’Héres weather sta-
tion for the Oisans massif, is well correlated with seismic
avalanche activity (high risk on 20-21 January).

Let us have a closer look at the 19-23 January period.
The SARA seismic avalanche activity 1s plotted in Figure 5
with a 1 hour step over this period, together with the total
depth of snow (measured at the nearby automatic Nivdse
weather station of Les Ecrins). The evolution of the air
temperature a -starting zones in the vicinity of the SDA sta-
tion) is indicated in Figure 5b. It shows that this episode is
characterized by a large rise in temperature. The first snow-
fall occurred from the morning of 19 January to 11.00 UTC,
20 January. The snow depth increased slowly until
00.00 UTC, 20 January. As soon as the fresh-snow layer
reached about 45 cm, the natural avalanche activity started
(first black bar). From 02.00 UTC, 20 January, the wind was
rising and producing peaks in the snow-depth curve. The
measured natural avalanche activity was moderate (only
three signals from 00.00 to 18.00 UTC), probably due to
wind erosion and to the slowness of snow accumulation.
From 06,00 UTC, 20 January, a large rise in temperature
was observed. During the night, the 0°C level climbed to
an altitude of 3000 m. The air temperature reached positive
or very slightly negative values. This large rise in temper-
ature caused the natural avalanche activity to increase se-
verely (15 avalanches detected from 23.00 UTC, 20 January
to 1400 UTC, 21 January). A small snowfall began again
soon after that, accompanied by strong winds. The increase
in the snow depth on 22 January essentially corresponded to
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Fig. 4. Results provided by the SARA system for the period 15-31 January: (a) Global daily seismic activity, fanuary 1997; (b)
Daily seismic avalanche activity from automatic signal recognition ( black bars ) and from visual observations at Les Deux-Alpes
ski resort (while bars); (¢) Forecast degree of risk of natural avalanche according to the European Avalanche Hazard Scale.
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Fig. 5. Comparison between setsmic avalanche activity and other data related to avalanche activity. ( a) Hourly number of detected
avalanches (black bars) and total depth of snowe measured at Les Ecrins ( elevation 3000 m ) aulomalic weather station ( black
curve ). (b) Air temperature estimated by the SAFRAN model for the Qisans massif ( elevation 2400 m.).

local snowdrifting near the Nivdse station (gusts from 4 to
8ms '), not to a heavy snowfall. Only moderate avalanche
activity was measured. The lack of precise wind data for this
episode made it hard to evaluate the exact effects of wind on
the avalanche activity.

Although the configuration of both the prototype and
the SARA software was not optimal, the results obtained
show the value of SDA as an operational tool for estimating
natural avalanche activity. The semi-instantaneous trans-
mission of detected activity is particularly interesting in an
operational context: the estimated natural avalanche activ-
ity can be correlated in almost real time, with several meas-
ured and/or forecast parameters which influence avalanche
activity (e.g. intensity of snowfall, accumulated depth of
fresh snow, rain, temperature and wind), in order to im-
prove short-term forecasting of the avalanche risk. Previous
similar studies, carried out during less windy periods using
a pre-operational configuration (Leprettre and others,
1997), showed that significant natural avalanche activity
began as soon as the accumulated depth of fresh snow
reached about 35—40 cm. Most avalanches seem to occur
during snowfall, because the avalanche activity measured
by our system decreased very rapidly soon after the snowfall
stopped. However, this study of the influence of meteorolog-
ical parameters on natural avalanche activity began only
1 year ago. Therefore, other investigations will be necessary
before being able to reach a conclusion on this point.

4.2. Results from the Vaujany site

A second experimental site was installed on 12 February
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1997 near the Vaujany ski resort, at the bottom of a small
north—south oriented valley in the Grandes Rousses massif,
Isére, Irance. The site is 3 km from the ski resort and 1km
from the water pipe lines of a hydroelectric power station.
No significant natural avalanche period has occurred on
this site in the present winter since 12 February. However,
the main purpose of this site is to evaluate the possibility of
installing SDA stations in a seismically noisy environment.
Ski lifts seem to have a negligible influence on the recorded
signals, given the relatively large distance. However, artifi-
cial avalanche releases made by the resort security stafl,
using a Gazex system, produce short, sharp, easily recogniz-
able signals (blasts). On the other hand, any operation car-
ried out on the water pipe lines (e.g. opening or closing one
or several floodgates) produces smooth, slowly increasing
and decreasing signals, which are similar to those produced
by avalanches (even in the spectral domain). Studies are in
progress to try to distinguish automatically these signals
from avalanche signals. Finally, maintaining several sites is
very uselul for recognizing an earthquake erroneously clas-
sified as an avalanche by the SARA system (the signal is re-
corded by several SDA stations at the same time but with a
briel delay).

5. CONCLUDING REMARKS

A prototype for the operational seismic detection of ava-
lanches, named SARA, has been presented. It is based on a
combination of a three-component seismic data logger and
software [or automatically recognizing avalanche signals.
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Two prototypes have been installed in the French Alps. The
reliability of the instrument seems satisfactory, because no
major malfunction has been observed. Although there is
still room for improving its performance, the SARA system
allows us to follow the temporal evolution of natural ava-
lanche activity objectively almost in real time,

The range of a SDA station depends mainly on the sur-
rounding terrain (gentle slopes, steep rocky cliffs, etc). At
the Saint-Christophe site, large avalanches have been re-
corded as far as 12 km away [rom the site. On the other
hand, small avalanches occurring on regular, gentle slopes
200 m from the sensor have not been recorded. The effective
range of the system is about 3-6 km. 'Io take the long-term
view, only one such prototype might be installed at each
massif. Hence, the recording site must be carefully chosen:
it must be sufficiently quiet and representative of the ava-
lanche activity of the whole massif.

The Centre d’Etudes de la Neige is currently investigat-
ing the possibility of pinpointing avalanches using a single
SDA station. Preliminary studies have already shown that
the azimuth of the linearly polarized waves (detected in the
time—{requency plane) often gives a good estimate of the di-
rection of the avalanche. However, the quality of this ava-
lanche location strongly depends on the profile of the
avalanche path: avalanches occurring on smooth, gentle
slopes are generally difficult to locate, because they produce
very few polarized waves. Other information can be used to
help locate avalanches: we have noticed that avalanches in
the same avalanche path often have similar temporal
shapes, depending mainly on the avalanche-path profile.
Therefore, a collection of avalanche “signatures” recorded
from various well-known avalanche corridors could be used
as a relerence to facilitate avalanche location. Finally, we
are attempting to determine whether physical parameters
(e.g. type and quantity of snow in the flow, speed, length
and profile of the avalanche path) can be derived from the
recorded seismic signals. This study has been carried out by
using artificially released avalanches and comparing the re-
corded seismic signal with other information: video, speed
measurements, etc, Finally, the SDA system can be used to
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determine the exact influence of several meteorological
parameters on natural avalanche activity. This work
requires a large number of avalanche periods to be recorded
and compared with measurements of air temperature,
humidity, precipitation, etc. Ideally, these meteorological
parameters should be measured as close as possible to the
avalanche-starting zones surrounding the SDA station but
these are not always easily accessible. Therefore, we shall
first need to define what are the most relevant parameters
and how they should be estimated to take local effects into
account,
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