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ABSTRACT: In this work, we analyze data from three seismic sensors located at strategic locations inside the 
avalanche path (starting zone, flowing zone and run-out area) and one seismic sensor located in the opposite 
hillside of the avalanche path, at Vallee de la Sionne test site. Seismic data are correlated in time with GEO
DAR data. Specifically, the length and the time-frequency features of the seismic data are compared to the 
flow regimes and front positions recognized from GEODAR data. All observations are complemented with 
snow cover conditions along the path and before/after photographs. Our results show that seismic data contain 
relevant information about avalanche flow regimes and thus, can be used to infer characteristics of the ava
lanche dynamics. Furthermore, the complementarity of the two different measuring systems (seismic and GE
ODAR) allows us to validate the observations and to enhance the avalanche knowledge from different points 
of view. 
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1. INTRODUCTION 

Snow avalanches are natural sources of seismic and 
infrasound waves, which can be recorded and stud
ied for both detection and avalanche dynamics pur
poses (Surifiach et al. , 2001 ; Biescas et al. , 2003; 
Kogelnig et al. , 2011 ). The knowledge of parameters 
such as the avalanche size, the run-out distance, the 
seismic energy dissipation, the front evolution and, 
its direction and velocity are crucial for avalanche risk 
mitigation (Vilajosana et al., 2007a; Vilajosana et al. , 
2007b). In addition, from the analysis of the fre
quency content of the seismic signals different ava
lanche flow types can be inferred. Furthermore, the 
seismic signal duration can be directly linked with the 
avalanche run-out distance (Perez-Guillen et al., 
2016). 

GEODAR (GEOphysical flow dynamics using pulsed 
Doppler radARradarAR) (Ash et al. , 2010; 2014), is a 
type of radar that is able to penetrate the avalanche 
powder cloud and monitor the flow of the underlying 
denser core (Kohler et al., 2016), recognizing differ
ent flow regimes and their evolution along the ava
lanche path. Seven flow regimes and combinations 
between them where defined using this technique 
(Kohler et al., 2018). 

* Corresponding author address: 
Pere Roig Lafon. Fae. Ciencies de la Terra, Uni
versitat de Barcelona (UB), C/Marti i Franques 
s/n . Barcelona 08028, Spain. 
tel : +34 934035914 
email: p.roig@ub.edu 

601 

At present both non-invasive technologies are used 
as avalanche monitoring systems. Their develop
ment and applications are in constant improvement 
and therefore, the correlation of both type of data can 
help to improve our understanding of the avalanche 
behavior as well as to assess the limitations and ad
vantages of both monitoring systems. 

2. DATA COLLECTION 

The data were recorded at Swiss Vallee de la Sionne 
avalanche test site (VDLS) which is managed by the 
WSL Institute for Snow and Avalanche Research 
SLF (Ammann, 1999; Savilla et al., 2013). At VDLS 
avalanches are monitored using multiple time-syn
chronized instruments. Here we present data corre
sponding to an avalanche naturally released on 16 
February 2018 (avalanche #18-3066). 

2. 1 Seismic monitoring 

The RISKNAT-Avalanche team of the University of 
Barcelona has four seismic stations installed in 
VDLS, three inside the avalanche path (starting 
zone, flowing zone and run-out area respectively) 
and one seismic sensor located in the opposite 
hillside of the avalanche path. The sensors are bur
ied into the ground, into caverns (Figure 1 ). 

In the release area (cavern A) a Miniseismonitor pas
sive 30 geophone (2Hz) with a Spider datalogger 
(Worldsensing) is installed. In the avalanche flowing 
area (cavern B) there is installed a Mark L-4C-3D 
passive geophone (1 Hz) with a REFTEK-130-01 dat
alogger (Trimble). In the runout area (cavern C), near 
the measuring pylon, a Mark L-4C-3D passive geo
phone (1 Hz) and a Lennartz active broadband 30 ge
ophone (20s) are plugged to a REFTEK-130-01 dat
alogger (Trimble). On the opposite side of the valley 
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Figure 1 - VDLS experimental site map. Red: seis
mic stations locations. Blue: Avalanche release ar
eas and track channels (1 and 2). Purple: GEODAR 
range at cavern positions. 

2.2 Seismic interpretation 

In order to perform temporal evolution studies of the 
frequency content, seismic signals sampled at 
100/200 Hz and filtered [1 50/100] Hz are repre
sented as spectrograms -a 30 representation (Ampi
tude, Frequency, time) of the seismograms-. Spec
trograms indicate the evolution in time (t) of the fre
quency (F) content of the signal. Amplitude (A) is rep
resented in colors in logarithmic scale (dB). Spectro
grams were calculated using the short-time FFT 
(Fast Fourier Transform) for time-windows of the sig
nal with a certain overlap. This representation allows 
us to recognize different sections depending on the 
location of the seismic sensor relative to the ava
lanche front (Perez-Guillen, 2016). 

Three main sections can be recognized for the inter
pretation of the spectrograms (Perez-Guillen et al., 
(2016) and references therein): 

• SON (Signal Onset), when the front of the ava
lanche approaches the sensor. 

• SOV (Signal Over), when the avalanche passes 
over the sensor. 

• SEN (Signal End), when the avalanche is mov
ing away from the sensor and finally stops. 
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The SOV section can be split in two parts according 
to the source amplitude: highest amplitudes corre
spond to the avalanche front and the most energetic 
part (frontal intermittency region), and lower ampli
tudes (higher in comparison with SON and SEN sec
tions) correspond to the avalanche tail passing over 
the sensor (STA - Signal Tail). 

2.3 GEODAR 

GEODAR was developed to obtain high-accuracy 
data on the dynamic features hidden below the pow
der cloud (Kohler et al., 2016). Antennas are placed 
in Bunker, on the opposite side of the Valley, facing 
the avalanche path (Figure 1 ). Measurements are 
performed with an acquisition frequency of 111 Hz 
and a 0.75 m range resolution (Kohler et al., 2016). 
GEODAR plots are a color scale representation of 
logarithmic moving target identification (MTI), allow
ing to recognize avalanche fronts as the most con
trasted parts (Figure 3, bottom). Velocities of the front 
can be deduced from the plots. 

3. JOINT DATA ANALYSIS 

On 16 February 2018 at 05:08 UTC a natural ava
lanche released at VDLS (#18-3066). There is no vis
ual information of the avalanche flowing. The ava
lanche description was performed with seismic data, 
GEODAR data and before/after photographs (Figure 
2). In Figure 3 the spectrograms of the seismic sig
nals recorded at the 4 caverns and the GEODAR MTI 
plot are shown, in a common base of time. 

Figure 2 - VDLS photographs after avalanche #18-
3066 with release areas (CB1, CB2) and cavern lo
cation (A, B, C). Photographs were taken 2 days after 
the avalanche (Courtesy of Pierre Huguenin). 

Both seismic signals and GEODAR data suggest that 
there were two distinct releases, which produced two 
main surges. The surges descended along the two 
channels at different velocities, probably due to the 
diverse release masses. Photographs suggest two 
possible release areas at Creta Besse 1 (CB 1) and 
Creta Besse 2 (CB2) (Figure 2), both with no evident 
traces of the trajectory near the release area (only 
crown scar recognized), fitting with dry and cold flow 
regimes during the first stages. 
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The GEODAR data shows the typical characteristics 
of a transitional flow (Figure 3, Lower panel). The in
itial part of the avalanche (two fronts) can be recog
nized from GEODAR as a cold dense regime (CDR). 
The transition to a warm plug regime (WPR) occurs 
in the 900 m range when the avalanche front reaches 
the runout area (Figures 1 and 3) (Kohler et al. , 
2018). This flow regime transition is reflected in the 
evolution of the frequency content of the seismic sig
nals, and the relative arrival time of the avalanche 
front at the different caverns. The trajectory of the two 
fronts along the path can also be recognized and 
separated. 

All the arrival times of the front to the sensors (SON
SOV) correspond with the front arrivals at the cav
erns location recognized in the GEODAR MTI plot 
(Figure 3). 

• Cavern A: the first avalanche front released 
from CB 1, passed near cavern A at t=-20s (Fig
ure 3 upper panel). The second avalanche front 
released from CB2 passed over cavern A at 
t=20s. The difference between the fronts is 40 
s. The second front displays higher seismic am
plitudes and more complete frequency content. 
The spectrogram tail (STA) is short (-40s) los
ing the high frequency content and amplitude 
considerably fast. These characteristics fit with 
a cold dense regime (CDR). 

• Cavern B: the first avalanche front released 
from CB1 descended along channel 1 and 
passed over cavern B at t-55-60s (SOV) (range 
1300 m in the GEODAR plot) (Figure 3). The 
second release (CB2) descended along channel 
2 and passed the range 1300 m at the same 
time as the first release (the CB2 front is fastest 
than the CB 1 front). The spectrogram tail is 
longer than in cavern A (ST A), but it loses the 
frequency content and seismic amplitude ab
ruptly. These characteristics fit with a cold dense 
regime (CDR) for the first release, and with an 
Intermittent regime (IR) for the large second re
lease. 

• Cavern C: The front descending along channel 
2 (CB2) passed over the sensor at t-123s. The 
spectrograms also show full frequency content 
and high seismic amplitudes. The front coming 
from channel 1 passed over the sensor 113s 
later, hitting the pylon at t=236s. The spectro
gram tail (ST A) is larger and with higher fre
quency content as in cavern A and B. These 
characteristics fit with a WPR. 

• Bunker: The absence of the full frequency con
tent and high seismic amplitudes in the spectro
gram indicates that the avalanche did not pass 
over the sensor. The amplitude and the fre
quency content progressively increase (below 
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20Hz) as the avalanche approaches the bottom 
of the valley. Between cavern C and the bottom 
of the valley, the flow regime becomes warmer 
and denser (Figure 2), probably from a WPR to 
a warm shear regime (WSR). The avalanche 
front hits the counter slope at t=500s and the 
spectrogram tail stops suddenly at t=630s. This 
behavior is also recognizable in GEODAR plot. 
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Figure 3 - Avalanche #18-3066. Top: Vertical com
ponents of the seismic signal spectrograms recorded 
at the locations of caverns A, B, C (black lines) and 
Bunker. Bottom: GEODAR MTI plot. CB1 (red lines) 
and CB2 (blue lines) indicate the avalanche fronts. 
Time zero corresponds to the automatic trigger. Seis
mic signal shows information from 60 seconds before 
the trigger has been released, from pre-trigger ring 
buffer data. This pre-trigger allows us to obtain data 
of the first avalanche front release from CB1 (not ob
servable in GEODAR MTI plot). Significant arrival 
times and velocities of the fronts are indicated. 

The avalanche velocities recognized from the GEO
DAR MTI plot are higher for the front coming from 
CB2 (second release) until it reaches the range 700m 
(between cavern B and C). The avalanche front com
ing from CB 1 (first release) had lower initial veloci
ties. This front also shows a velocity change at range 
900m. These changes in velocity in both fronts are 
related to the flow regime transition from cold to 
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warm. The average front velocities between the seis
mic sensors location using the information of the 
spectrograms fit well with the GEODAT MTI velocity 
observations (Figure 3). 

3.1 Seismic signature polarization 

A repetitive signature in seismic signal recorded at 
cavern C (approx. t=123s), before and after the CB1 
SOV was observed. This feature is also recognizable 
in the signal of cavern D sensor. We deteced high 
amplitude consecutive peaks in the seismograms 
that are more evident after filtering the signals be
tween 1-5Hz (Figure 4). 

Seismic signal recorded at cavern C presents an in
crease in amplitudes at t=123s (Figure 3 and 4). The 
amplitudes decrease after this time. To obtain an in
sight of the origin of these features we performed a 
polarization analysis of the different seismic signa
tures (Vidale, 1986; Jurkevics, 1988; Vilajosana et 
al., 2008). We interpret these signatures as the signal 
generated by a moving mass that is approaching the 
cavern C sensor from channel 1, passes near the 
sensor to its left side and continues downslope de
creasing the amplitude (Figure 4). The bunker seis
mic signal gives similar information. 

Figure 4 - Upper panel: Extended map of VDLS site 
with the location of caverns B and C. Middle panel: 
N-S seismic component of cavern C seismic sensor, 
filtered between 1-5Hz. The seismic signature is 
clear, and its polarization analysis shows different az
imuth directions, like obtained in rock-fall seismic 
studies (Lower panel 1, 2, 3 and 4 ). Represented on 
a VDLS cartography, the polarization and azimuth di
rections allow us to reconstruct the path of a punctual 
mass moving downslope. 
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As a first approximation, we speculate that the 
source of these peaks is an independent part of the 
avalanche passing on the left side of cavern C, when 
the CB2 avalanche front from channel 2 is reaching 
cavern C from its right. The repetitive seismic signa
ture infers that the same process is generating it. The 
increasing amplitude suggests that the source is get
ting closer to the sensor position. This signature is 
similar to the signal signature generated by punctual 
impacts like rockfalls or explosions (Vilajosana et al. , 
2008). We interpret these ones as an advancing ero
sion of a warm plug front, overcoming the shear 
stress resistance repeatedly. 

Tour esteems suggest that this plug flow unit forms 
between caverns B and C, in agreement with the flow 
regime transition into a warm plug regime (WPR) at 
900m range (Figure 3). 

4. CONCLUSIONS 
Monitoring avalanches using different geophysical in
strumentation to acquire different measurements 
from avalanche flows can be crucial for a better un
derstanding of their behavior. In the absence of pre
vious information on the behavior of avalanches, we 
can understand how these avalanches have evolved 
(fronts, directions, velocities) using the combination 
of seismic data from the 3D seismic sensors placed 
in the path of the avalanche and the GEODAR MTI 
diagrams. 

Further, a polarization analysis of seismic signatures 
allows us to track local processes moving 
downslope, with a clear seismic signature and a spe
cific direction related to the propagation of the flow. 
These methodologies look promising to allow an au
tomatic characterization of the avalanche flow with
out using any visual references. 
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